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BEST  AVAILABLE  C^OPY 


2003  MRS  Fall  Meeting  Presents  Advancements  and  Emerging  Fields  in  Materials  Research 


lasers 


Univ.  of  Michigan).  This  is  die  first  report 
on  a  clear  observation  of  the  magnetic 
phase  transition  temperature  (above  300  K) 
in  an  arsenide-based  heterostructure. 

Symposium  Support:  NREL  NSF,  Omicroti 
NanoTechnology  USA,  and  Veeco  Instruments. 

ihting 

f  Volume  798) 

ged  in  Sympo- 

_  TOd  alloys  were 

;  and  LEDs,  bulk  substrates, 
heteroepitaxy,  nanostructures,  indium 
nitride,  electronic  devices,  advances  in 
proc^sing,  and  various  characterization 
techniques.  The  drive  for  UV  sources  and 
solid-state  lighting  continues  to  be  an 
active  area,  with  researchers  reporting 
power  levels  reaching  20  mW  at  280  nm 
under  high  injection  conditions.  There  is 
still  much  room  for  improvement  in  terms 
of  the  efficiency  of  these  devices.  UV  lasers 
were  also  reported  with  wavelengths  in 
the  range  of  358-380  nm.  Different 
approaches  to  achieving  bulk  GaN  and 
AIN  substrates  were  discussed.  For  bulk 
substrates,  die  main  issue  is  still  the  limit¬ 
ed  size.  However,  in  the  short  term,  quasi¬ 
bulk  substrates  ^own  by  HVPE  and  lifted 
off  from  the  original  substrates  seem  to  be 
the  best  solution. 

Hetero^itaxy  of  GaN  on  silicon  is  gain- 
ing  a  lot  of  attention,  widi  the  possibility  of 
integration.  In  the  nanostructures  session, 
GaN  QDs  grown  by  both  MOCVD  and 
MBE  were  reported.  Ih  the  area  of  impuri¬ 
ty  doping,  there  were  presentations  on  Mg 
incorporation  for  p-type  GaN,  Mn  doping 
for  spintronics,  and  rare-earth  doping  for 
luminescent  devices.  Another  interesting 
development  is  the  convincing  evidence 
that  the  direct  bandgap  of  InN  is  -0.65  eV, 
based  on  material  with  higher  crystallinity. 
However,  tire  issue  of  a  high  residual  back¬ 
ground  electron  concentration  still  needs 
to  be  addressed.  Preliminary  results  on 
InN-based  solar  cells  were  also  presented. 

Symposium  Support:  AFOSR,  ARO,  DARPA, 
and  ONR. 

Understanding  Brought  to  Behavior 
of  Hydrogen  In  Compound 
Semiconductors 

(See  MRS  Proceedings  Volume  799) 
Symposium  Z  brought  together  discus¬ 
sions  of  the  materials  properties  and  the 
consequences  for  electronic  and  optoelec¬ 
tronic  device  applications  of  a  range  of 
semiconductor  materials  including  III-V 
alloys,  ZnO,  and  quantum' structures. 
C.G.  Van  de  Walle  (Palo  Alto  Research 
Center)  tied  many  of  these  materials 
together  with  a  unified  theoretical  treat¬ 
ment  of  the  effects  of  hydrogen  in  com- 


Graduate  Students  Receive  Gold  and  Silver  Awards 

_  CXiring  an  awards  ceremony  held  on  Oecember  3  at  the  2003  Materials  Research 
^ociet>-  Fall  Meeting,  graduate  student  finalists  receiv  ed  Cold  and  Silver  Awards. 


6M  Gradate  Student  Awards  went  to  (row  1.  left  to  righf):  Gary  R.  Maskafy  (Massa- 
^usetts  Institute  of  Technology),  Otaf  Gefhausen  (University  of  Technology,  Australia 
David  M.  Pustai  (University  of  Delaware),  Gregory  M,  Gratson  (University  of  Illinois 
Urtana-Champaign),  and  Congjun  Wang  (University  of  Chicago):  (row  2,  left  to  right): 
Hairnei  Zheng  (University  of  Maryland),  Jessica  Winter  (University  of  Texas,  Austin) 
Suniti  Moudgil  (Massachusetts  Institute  of  Technology),  and  like  Arslan  (University  of 
(^ifomia,  Davis):  and  (row  3,  left  to  right):  Daniel  B,  Auberdne  (Stanford  University), 
mncesca  lacopi(IMEC,  Belgium),  Sarah  M.  Estrada  (Unh/er^  of  California,  Sarita 
B^ra),  ^anda  J.  Maes  (Northwestern  University),  and  Egon  Gross  (Technische 
Universitat  Munchen,  Germany).  Not  shown  is  Rongchao  Jin  (Northwestern  University). 


Silv^  Graduate  Student  Awards  went  to  (row  7,  left  to  right):  Manuel  Garaa-Leiner 
(Umersity  of  Massachusetts,  Amherst),  Ting  Xu  (University  of  Massachusetts,  Amherst), 
Aditi  S.  Risbud  (University  of  California,  Santa  Barbara),  MiriKazes  (Hebrew  University, 
Israep,  Weidong  U  (University  of  Delaware):  (row  2,  left  to  right):  Joshua  Goldberger(Unh 
varsity  of  California,  Berkeley),  Junting  Wang  (University  ofM^and),  Shirley  Ying  Meng 
(Singapore-Massachusetts  Institute  of  Technology  Alliance,  Singapore),  Cynthia  A 
Mitchell  (University  of  Houston),  Maria  M,F,  Cortalezs  (Rice  University),  and  Ho  Won 
Jar^  (Pohang  University  ofSdence  &  Technology,  South  Korea):  and  (row  3,  left  to  right): 
Olivier  Guise  (University  of  Pittsburgh),  Aleksandar  Spasic  (Boston  College),  Thomas  E 
^ndervelde  (University  of  Virginia),  Brandon  L  Seal  (Arizona  State  University),  Alexander 
S.  Artyukhin  (University  of  California,  Davis),  and  Sung/ee  Kim  (Massachusetts  Institute  of 
Technology).  Not  shown  are  Tommaso  Baldacchini  (Boston  College),  James  Zachary 
Hitt  (University  of  Texas,  Austin),  and  Evgenia  Kim  (Moscow  State  University,  Russia). 
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SKSSION  Yl;  Optical  Devices 
CMmir:  MicImM  Wraha^k 
MtJii'lay  M<irnin>(,  I,  tfOOM 

Mdfiiti  .'ll  1!  (Ilyn<‘s) 

8;3()  AM  *Y1.1 

UUrnviolet  La^or  Diodes  With  AIGaN  and  InAlGiiN 
Multiplc-Qiiniituni-Well  Active  Regions.*.  Miclia*  !  Kn^-issl.  Palo 
Alto  Research  Center  Inc.  (PARC),  Palo  Alto,  California. 

We  will  report  on  th^'  clesigii  and  performance  characl^Ti.stics  of 
AlCaN  and  IiiAICaN  tnnltipl<-><|nnnturri-well  (MQW)  Ijis«t  <liod'*s 
»-nilMing  in  the  ultraviolet  spertral  region.  'I'lio  nitri<le  laser  diodes 
were  ^rown  on  ((K»)l)  e.pituie  sapphire  substrates  by  inetal  orf;anic 
chemical  vapor  <leposition.  t  inder  pulsed  bias  con<litions,  laser 
operation  was  obtained  in  R.ain-guided  laser  devices  witli  uncoated 
mirror  facets  and  cavity  lengths  ranging  from  300  to  1500  /zm.  For 
laser  diodes  with  AIGaN  MQW  active  regions,  room-temperature 
threshold  current  densities  as  low  as  23  kA/cm2  have  been  achieved 
with  emission  wavelengths  between  361.6  nm  and  358.5  nm.  'Phis  is 
the  shortest  emission  wavelength  yet  reported  for  a  semiconductor 
laser  diod#'.  The  maxiinuin  output  power  for  AlOaN  MQW  laser 
diod»  s  w;vs  15  inW  per  fnr*»t  with  differential  (pmntuin  cflici/-nci«-.s  of 
I  .:i%.  Slightly  iriiprov.;<|  p*-rforinaric<*  has  been  obtained  for  l:wr 
diodes  with  InAIGaN  MQW  active  regions.  The  indium  composition  in 
the  quantum  wells  ranged  from  0.5%  to  3%  and  the  aluminum  content 
varied  between  2%  and  4%.  Pulsed  laser  operation  has  been  obtained 
with  threshold  current  densities  between  13  and  18  kA/cm2,  with 
emission  wavelength  ranging  between  362.4  nm  and  359.9  nm.  Light 
output  powers  greater  than  80inW  under  pulsed  current-injection 
conditions  and  differential  quantum  efficiencies  of  4.2%  have  been 
achiove<!.  i'inally,  growth  of  l.lV  laser  diode  heterostructtires  on  low 
dislocation  density  substrates,  like  GaN  or  AIN,  will  be  discussed. 
*The  work  was  partially  supported  by  the  Defense  Advanced  Research 
Projects  Agency  SlIVOS  program  under  SPAWAR  Systems  Center 
(’ontract  No.  N66oni.02-('-801  7.  1.  Michael  Knei.ssl, 'David  IVe.at, 

Mark  'r<*epe,  Naoko  Mlyaslilta,  Noble  M.  .lohnson,  Appl.  Phys.  Lett. 
82,  2386  (2003).  2.  Miclme!  Knei.ssl,  David  'IVoat,  Mark  'I'eepc,  Naoko 
Miyashita,  Noble  M.  John.soii,  Appl.  Phys.  I^ett.  82,  4441  (2003). 

0:00  AM  Y1.2 

208  mil  Ultraviolet  (UV)  Light  Emitting  Diodes  on  Sappliirc 
and  Diilk  AIN  Substrates.  Xuhong  IIu‘,  Qhalid  Farced’, 

aii<l  Asif  Khan*;  'Sensor  Flectronic  'rechnology,  Inc., 
t’ohunbia.  South  <’arolina;  ‘’Department  of  FE,  University  of  South 
Carolina,  Columbia,  South  Carolina. 

W.-  p  port  on  /'pit axial  growth,  fabri«*al ion,  and  ehara*’t«Tizal ion  of 
2!iH  mil  iiltniviolfi  (UV)  LF.Dm  on  sappliirr  nitd  bulk  AIN  subsl  ral«%s. 
Singh-  ery.stal  bulk  AIN  .Hub.si  rates  of  approximaMy  4x5  mm  si/.e  and 
1  mm  thick  wore  supplied  by  Crystal  IS,  Inc.  The  LKDs  structures 
were  grown  on  the  Al  face  slightly  off-axis  double  side  polished 
substrates.  Tlic  devices  were  mesa  etched.  The  power  levels  of  about 
350  uw  at  70  m A  have  been  achieved  for  devices  with  the  cross 
sections  of  200x200  urn  for  LEDs  on  sapphire  substrates.  We  also 
doinonstrated.  for  the  first  lime,  the  UV  emission  at  298  nm  for  LEDs 
on  bulk  A;IN  substratc.s  For  this  first  demonstration,  wo  usod  the 
same  design  that  was  optimized  for  sapphire  substrates.  This  resulted 
in  smaller^ power  levels  for  the  LEDs  on  bulk  AIN,  since  the  strain 
distribution  that  plays  the  key  role  in  the  UV  design  is  completely 
different  for  devices  on  bulk  AIN.  The  design  optimization  for  these 
devices  will  be  discussed. 

0:16  AM  Y1.3 

High  Current  Injection  to  a  UV-LED  grown  on  a  Bulk  AIN 
Substrate.  Toshio  Nishida* ,  Tomoyuki  Ban^,  Hisao  Saito^  and 
7'oshiki  Makimoto’;  ’Physical  Science  Laboratory,  NTT  Basic 
lie.Sf-arch  Laboratories,  N'l"!'  < \>rporation,  Atsugi,  Kanagaw’a,  Japan; 
‘NT'f  Eh-ctronics.  Atsugi,  Kanngawa,  Japan;  ‘‘NT'I*  'IV-ehnoSupport, 
Atsugi,  Kanagawa,  Japan. 

W<-  fabricated  an  AKJaN-ba.sed  ultraviolet  light  emitting  diode 
(UV-LLD)  on  a  btilk  AIN  substrate.  I'he  device  shows  improved 
saturation  characteristics  in  its  output  power  under  high  current 
operation  Thermal  conductivity  and  transparency  of  the  substrate 
inaterial  are  important  for  high  flux  extraction  from  LEDs.  Heat 
dissipation  improves  the  radiative  carrier  recombination  and  reduction 
of  the  UV  light  absorption  enhances  the  extraction  efficiency.  Bulk 
AIN  is  UV  transparent  and  lias  high  thermal  conductivity  of  2.85 
W/cm  K,  which  is  much  higher  than  that  of  the  conventional  sapphire 
substrate  (0.23  W/cm  K)  usually  used  for  nitride  devices.  It  also  has 
the  benefit  of  the  same  crystallographic  symmetry  as  that  of  AIGaN 
which  consists  short  wavelength  ITV-LBDs.  We  grew  an  undoped 
AIGaN  buffer  layer  aiul  a  Si-doped  AIGaN  current  supply  layer  after 
growing  an  AIN  layer  homoefiitaxially  on  a  bulk  AIN  substrate.  The 
device  consists  of  an  AIGaN  single  quantum  well  (AIGaN-SQW) 
saiKlwiciii><|  by  |»-typ*'  nn<l  n-l.ype  carri^'r  blocking  layers  [1]  and 


shorl-poriod-alloy  superlaltice  (SI*ASL)  cladding  layers[2].  The 
emission  waveh-ngth  was  345  nm.  For  comparison,  faliricated  a 
ivffr«-nr«-  on  u  high  <{nhlii.y  AIN  b-niphib*  luy»-i*  gi'own  on  ii 

.Happliir*’  .sul».stratf'[3].  'fin-  p-lvpe  H«*ctrof!<-  areas  are  .300  x  300 
mlei-iim«'f t-rs  sqtiar*-,  innl  oiilpnl  powers  ar»*  measiiivd  nnd»-r 
baro-wafer  geonu-try  on  a  im  tui  block,  'fiie  output  p(>w«  r  of  »h«- 
UV-LED  on  the  bulk  AIN  substrate  increased  almost  linearly  up  to 
300  iiiA  and  s:itiirat**d  al  tin-  injeetion  current  of  100  mA,  whieli  i.s 
two  times  higher  than  that  of  the  reference  device,  [ij'f,  Nishida,  ct 
al.,  Appl.  Phys.  Lett.,  78  (2001)  p.399,  l2)T.  Nishida,  et  al.,  IPAP 
Conf,  S^'r.  I  (2000)  p.872.  [3l'I'.  Nishida  ft  al.,  Api-I  Phys.  le-tt.,  82 
(2003)  p.l. 

0:30  AM  Y1.4 

GaN  QiiHiitiiiu  Dot  UV  Liglit-Einitiiiig  Dio<lo.  J<-ong-Sik  Lee’, 
Satoni  3‘anaka^,  IVu-r  Ramvall’  an<l  Iliroaki  Okagawa’’;  ’ll  I) 
center,  Nippon  EMC  l/PD,  'fama-shi,  Tokyo,  Japan;  ‘’Research 
Institute  for  Electronic  Science,  Hokkaido  University,  Sapporo, 
Hokkaido,  Japan;  '^INiotonics  Laboratory,  Mitsubishi  cable  indii.stries, 
Itami,  Hyogo,  Japan. 

Optical  devices  operating  in  tin-  UV  region  are  increasingly  iinportani 
diif  to  po.ssiblf  fiituiv-  appiirations  in  white  light-emitting  <lio<h-s 
(LEDs),  high  density  versatile  di.sks,  medical  an<l  environnn-ntal  tools, 
etc.  White  LEDs  are  especially  interesting  to  replace  conventional 
fluorescence  lamps  due  to  advantages  such  as  lifetime,  reliability,  and 
environmental  issues.  Several  attempts  have  been  made  to 
manufacture  UV  LEDs  mainly  by  lowering  the  In  content  in  InGaN 
quantum  wells  (QWs).  However,  by  this  approach  the  external 
quantum  efTicioncy  drastically  decreases  with  reduced  In  fraction.  The 
reason  for  this  might  b<-  a  lack  of  localized  states  in  the  InC.LiN  QWs. 
A  possible  way  to  overcome  this  problem  Is  to  introduce  such  .states 
artificially;  i.e.  to  add  quantum  dots  (QDs)  in  the  active  layer.  Tanaka 
et  al.  [1]  reported  GaN  QD  formation  using  Si  as  antisurfactant, 
which  made  it  possible  to  grow  GaN  QD  structures  on  AlxGal-xN 
(x--N^0.1)  surfaces.  With  this  approach,  we  recently  succeeded  in 
fabricating  a  GaN  QD  LED  by  inctal-organic  vapor  pha.se  epit;ixy 
(MOVPE).  [2].  In  this  work  we  discuss  the  details  of  a  QD  IJiD 
structure  consisting  of  |v  and  n-t.ype  AlxGal-xN  (x'^/O.l)  layers  and 
<LaN  QDs  -^1.5mn  high  and  ->.<20iim  in  diameter  with  an  .approximate 
<lensity  of  r>x  IOIOcm-2  as  iiteiisnivd  by  AFM.  Elect roliimi ne.scence 
(EL)  measurements  at  room  temperature  with  several  different 
injection  currents  were  performed.  I’wo  peaks  at  3.11eV  and  e^3,58eV, 
which  originates  from  the  GaN  QDs  an<l  the  AlxGal-xN  cap  layer, 
respectively,  are  visible.  I'lio  origin  of  the  EL  is  explained  by 
comparing  it  to  photoluniine.scence  (PL)  measurements.  We  also 
compare  the  quantum  efficiency  of  J/EDs  containing  QDs  with  similar 
.strucinres  wil  lionf  QDs  fl]  S  I'anaka.  S.  Iwai,  an«l  Y  Aoyagi  Appl 
Phys.  Lett  6!».  IU'.m;  (pen;)  |*j|  g  ’I’linnkn,  J-S.  L*-»-,  P.  Hamvall,  iind 
H.  Dkagavx'a,  Jpn.  J.  Ap|*l.  Phys.  (2003) 

0:45  AM  Yl.5 

Deep  UV  Li  Emit  ting  Diodes  Using  AlGaN/AlGaN 
Heterostructures  Grown  by  Metalorganic  Chemical  Vapor 
Deposition.  Uttiya  Chowdhury,  Tinggang  Zhu,  Michael  M.  Wong, 
Dong  won  Yoo  and  Russell  D.  Dupuis;  Microelectronics  Research, 

Univ.  of  lex  as  at  Austin.  Austin.  'Pexas. 

Tlie  AIGaN  material  system  enjoys  high  scientific  and  technological 
interest  because  of  its  prospect  for  development  of  deep  UV  light 
emitting  diodes  (LEDs).  We  report  on  the  material  growth  conditions, 
device  fabrication  and  measurement  of  deep  UV  light  emitting  diodes 
using  AlGaN/AIGaN  heterostructures  grown  using  Metalorganic 
Chemical  Vapor  Deposition  (MOCVD).  The  epitaxial  layers  were 
grown  on  both-side  polished  c-plane  sapphire  substrates  for 
development  of  back-side  illuminating  LEDs.  A  multiple  low 
temperature  buffer  layer  scheme  was  used  to  grow  a  thick  AIGaN 
template  layers  without  cracking.  Reduction  of  threading  <lislocation 
<lensity  using  t hi.<i  .sclu-m*-  was  studied  using  transmission  electron 
microscopy.  The  layers  were  grown  in  an  Emcore  D125  UTM  rotating 
disk  reactor  using  a  growth  pressure  from  50  to  200  Torr  and  growth 
temperature  from  ~io5()  to  1070G.  Developed  for  mesa  geometry 
devices,  the  resistance  of  the  bottom  n-contact  layer  plays  a  decisive 
role  in  the  forward  resistance  of  the  devices.  Due  to  the  use  of 
back-side  illuminating  structure,  the  layer  also  has  to  be  transparent 
to  the  device  luminescence  (A  280  to  300  nm).  We  developed  a  0.5 
/<m  thick  n-contact  layer  for  this  purpose  having  a  sheet  resistivity  of 
's^lOOO  n/square  as  me:isure<I  by  contactless  resistivity  probe. 
Transparency  to  wavelength  of  interest  was  verified  using  optical 
transmittance  measurement.  LEDs  were  grown  using  both  single 
quantum  well  (SQW)  and  3  quantum  well  structures  using  of 
A\0 .4SGn.0 .58N  C|uantum  wells.  Diode  l-V  characteristics  show  a 
differential  forward  resistance  of  100-130  f2.  As-grown  device 
structures  display  a  strong  room- temperature  cathodoliiminosconcc 
and  photolumiriescence  response.  33ie  DC  electroluminescence  (EL) 
spectra  under  low  current  injection  exhibited  a  sharp  peak  near  the 
QW  bandedge  (A  --  290  nm)  with  a  linewidth  of  9  nm.  Wc  al.so 
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investigate  the  effects  of  a  current- blocking  layer  to  eliminate  or 
reduce  luniinescenco  from  the  CaN  cap  layer. 

10:30  AM  *Y1,0 

Light.  DeviroM  UMiitg  Polar  and  Non  Polar  II I- N 

FihiiM.  M.  Asif  Kliati.  Ih^part.jnent  of  Klectrical  Kngin*‘eriiig, 
University  of  South  Carolina,  Columbia,  South  Carolina. 

In  this  paper  we  will  discuss  the  progress  that  we  have  made  in 
fabricating  high  efficiency  deep  ultraviolet  light  emission  devices 
(LEDs)  oyer  c- plane  sapphire  substrates*  Results  will  be  presented  of 
a  comparative  study  of  devices  with  ternary  AlGaN  and  quaternary 
AlInCaN  multiple  quantum  well  (MQW)  active  regions.  With 
improved  buffer  layers  and  active  region  designs  we  can  now  achieve 
milliwatt  powr*r.H  for  d**vi»^'#*s  wilh  p^ak  emi.sslon  from  27.'»nm  to  ,*M0 
nm.  'I’ln-.s*-  d**vi<'**.s  ar**  w**ll  sint*-d  jw  ptiinp.s  for  plioN] •hut's  f«*r  visil.h* 
an<l  white  light  gemTution.  K**c<*ntly,  for  the  first  time  we  liavr  also 
.succeeded  in  fabricating  UV-visible  LEDs  using  non-polar 
AlInCaN-InGaN  MQWs  over  r-plane  sapphire  substrates.  The  buffer 
layers  for  these  non-polar  devices  comprised  of  thick  low  defect  GaN 
layers  which  were  deposited  using  a  unique  selective  area  lateral 
epitaxy  (SALE)  procedure.  The  materials  growth  and  device 
characteri7ation  results  for  the  polar  and  the  non-polar  LEDs  will  be 
compared  to  discu.ss  tin-  role  polarization  plays  in  III-N  devices. 

11:00  AM  Y1.7 

Flif>.clui>i>oa  280  -  300  iiin  UV  LEDs  with  interdigitated 
Contacts  for  Efficient  Carrier  Injection^  Arthur  J  Fischer.  A.  A. 
Allerman,  M.  11.  Crawford,  K.  H.  A.  Bogart,  W.  W,  Chow,  R.  J, 
Kaplar,  S.  R.  Kurtz,  S.  R.  Lee,  D.  D.  Koleske,  K.  W.  Fullmer.  J.  J. 
Figiel  and  F.  Jalali;  Sandia  National  Labs,  Albuquerque,  New  Mexico. 

Although  LEDs  emitting  below  300  nm  are  desired  for 
fluoresce  nee- based  detection  of  biological  agents,  the  demonstration  of 
LEDs  emitting  in  the  deep  UV  presents  significant  materials  and 
device  challenges.  For  high  A I  AlGaN  films,  both  n-type  and  p-type 
<iopiug  become  iiicn  asiugly  more  difficult  as  the  Al  concentniiion 
iiicroasos.  'I'his  low  <loping  efliciency  combined  with  low  mobilitie.s  and 
high  sheet  resistances,  make  it  particularly  difficult  to  efficiently 
inject  carriers  into  deep  UV  LED  active  regions.  In  order  to  address 
these  materials  issues  we  have  developed  a  flip  chip  LED  process 
where  interdigitate<l  contacts  are  used  to  reduce  lateral  current 
.spreading  problems  and  improve  overall  device  efficienry.  'PIk  s*- 
contnets  have  beeij  applit  d  lo  LEI)  die  with  emitting  nreJus  n*s  hirgt*  a.s 
I  nmi  Deep  UV  LEI)  wafers  were  grown  by  metalorganic  chemical 
vapor  deposition  on  sapphire  substrates  beginning  with  a  low 
temperature  AIN  nucleation  layer  followed  by  a  47%  AlGaN  base 
layer.  In  one  design,  the  LED  active  region  consisted  of  three 
Alii.  in<  Ja„  ^|^N  <|nanttim  wells  with  Alr>..|7Gai).nsN  barrb  rs  which 
showed  LED  emission  over  a  range  from  290  to  300  nm.  The  LED  was 
capped  with  a  SOOA  of  p-type  Alo.47Gao.s3N  followed  by  500A  of 
p^ype  GaN  for  use  as  a  contacting  layer.  Devices  were  flip  chipped  to 
Si  or  SiC  submounts  and  UV  photons  were  emitted  through  the 
transparent  AlGaN  base  layer  and  sapphire  substrate.  LEDs  showed 
continuous  wave  output  powers  as  high  as  140  /fW  at  130  A/cm^  with 
voltage.s  on  the  or<h'r  of  12  volts  at  20  mA.  Recent  device  performance 
results  for  various  AK JaN-based  QW  active  regions  will  be  presented. 
Critical  performance  issues  for  both  small  and  large  area  die, 
including  the  competition  between  quantum  well  emission  and  deep 
level  emission,  current  spreading,  light  extraction  and  thermal 
management,  will  be  discussed.  *Sandia  is  a  multiprogram  laboratory 
operated  by  Sandia  Corporation,  for  the  United  States  Department  of 
Energy  under  Contract  Df-i-AC04-94AL85000 

11:1C  AM  Y1.8 

High  Power  330  tiiii  AlliiGaN  UV  LEDs  in  the  High  Injection 
Regime.  Maria  Gherasimova^  J.  Su' ,  G.  Cui^ ,  J*  Han\  H.  Peng^.  E. 
Makarona*,  Y.  He*,  Y.-K.  Song^  and  A,  V.  Nurmikko*;  *  Electrical 
Engineering,  Yale  University,  New  Haven,  Connecticut;  ^Division  of 
Engineering,  Brown  University,  Providence,  Rhode  Island. 

W*‘  n*|>ort  on  the  p<Tformai»ce  of  AlliiGaN  LEDs,  aimed  at  high 
power  operation  in  the  3.30  tun  wavelength  range.  Quaternary 
AlInCaN  multiple  quantum  well  active  regions  are  embedded  into 
AlGaN  diodes,  which  are  grown  on  AIN  buffer  layers  on  c-axis 
sapphire  substrates.  (Urcular  devices  with  diameters  of  100  uin  and 
below  have  been  evaluate<l,  with  emphasis  on  testing  the  performance 
limits  in  the  high  power,  pulsed  injection  regime.  Under  CW 
conditions,  typical  internal  radiative  efficiencies  exceeding  two  percent 
have  boon  achieved  from  LEDs  that  show  clean  emission  spectra 
centered  around  330  nm,  with  residual  longer  wavelength  (defect 
and/or  leakage  mediated)  emission  one  to  two  orders  of  magnitude 
smaller.  The  robustness  of  the  devices  has  been  veriRod  under  pulsed 
injection  (10  nsec-1  /isec)  at  current  densities  in  excess  of  10  kA/cm2 
where  UV  output  power  densities  directly  off  a  planar  device  chip  up 
to  tens  of  Watts/cm 2  have  been  measured.  Both  growth  and  device 
design  parameters  affecting  LED  performance  will  be  presented.  As 


application  demonstration,  we  will  report  on  time  resolved 
measun'in^nts  of  Iluore.seence  lifetime  of  NADH  in  solution  form. 
Research  supported  by  DARPA  SUVOS  program  under  SPAWAR 
Systems  Center  Contract  No.  N660ni-02-C-8017. 

11:30  AM  Yl.O 

Optica]  Properties  of  A]N/AlGa(lii)N  Short  Period 
Superlattices  -  Deep  UV  Light  Emitting  Diodes  and 
Photodetectors.  Mark  Holtz.  I.  Ahmad,  V.  Kuryatkov,  B.  Borisov, 
G.  Kipshidze,  A.  Chandolu,  S.  A.  Nikishin  and  H.  Temkin;  Texas 
Tech  University,  Lubbock,  Texas. 

We  report  electrical  and  optical  properties  of  deep  UV  light  emitting 
diodes  (LEDs)  and  photodetectors  (PDs).  Devices  are  ba-sod  on  short 
p<^Tiod  siiperint f  of  AIN/AI  xfJa  l-x(in)N  (x  0  ()«)  grown  by  gas 
soiiiw  mob‘«*ular  b.ain  ••pilaxy  willi  atiitnonia.  Sl.ru**tiir*‘s  I'on.sisl  ••fa 
.*>()-nm  thick  AIN  iinclcai ion/bulfcr  layer  deposite<l  on  sappliiro.  'Phis 
is  followed  by  a  I -micron  thick  Si-doped  buffer  layer  of  AlGaN  or 
AIN/AIGa(In)N  designed  to  be  transparent  for  wavelengths  longer 
than  240  nm.  The  design  thickness  of  the  superlattice  well  layers  is 
systematically  varied  from  0.50  nm  to  1.25  nm  and  the  thickness  of 
the  barrier  is  varied  from  0.75  nm  to  2.00  nm.  The  n-  and  p-type 
SPSLs  were  doped  with  Si  derived  from  silane  and  Mg  evaporated 
from  an  effusion  coll,  respectively.  Optical  properties  are  investigated 
using  renrctanc<>,  catluxlolumine.scence.  and,  in  tin*  cas*.*  of  LEDs, 
using  elc‘Ctrolumines<vn<v.  By  controlling  the  properties  of  the 
superlattice,  we  obtain  energy  gaps  ranging  from  4.5  eV  (276  nm)  and 
5.3  eV  (234  nm).  Electrical  properties  are  studied  using  I-V,  C-V,  and 
Hall  effect.  LEDs  based  on  these  superiattices  and  operating  in  the 
range  of  260  to  280  nm  exhibit  turn-on  voltages  in  the  range  of  4  to  6 
V  and  support  dc  current  densities  in  excess  of  500  A/cm2  at  room 
temperature.  The  cutoff  wavelength  of  PDs  based  on  these  SPSLs  can 
be  varied  in  the  range  of  247  to  260  nm  by  changing  the  barrier  and 
well  thicknesses.  We  present  results  on  the  electrical  and  optical 
properties  of  our  LEDs  and  PDs  designed  based  on  these  studies. 
Influence  of  barrier/ well  thickness  variations  on  the  output  power  of 
LEDs  will  br  also  rlisru.s.sfd.  'Phis  work  is  supporter!  by  DAIM^A,  NSF 
(E(;S-0()7n()240  and  EGS-J».S71 290),  US  Army  SBCGOM,  and  tlm  .1.  F. 
Maddox  Foundation. 

11:45  AM  Yl.lO 

High  Performance  Solar  Blind  Detectors  hosed  on  AlGaN 
grown  l>y  MBE  an<!  MOCVD.  Jean-Yves  Duboz^*^.  J«-an  Luc 
Rfvrrchon**,  Mauro  Mo.s.'a'^,  Nicola*s  <irandjcan'  and  Franck  Omnes'; 

’  (.^RHEA-< -NRS,  Valbonnc,  France;  “^Device  Department,  Thales 
TRT,  Orsay,  France. 

Solar  blind  detectors  ba.sed  on  AlGaN  were  fabricated  and 
characterized.  AKiaN  Iieterostnicturcs,  with  an  active  region  with 
43%  Al  and  a  window  layer  with  63%  Al  were  grown  on  sapphire  to 
allow  for  back  side  illumination.  Both  Molecular  Beam  Epitaxy  and 
Metal  Organic  Chemical  Vapor  Deposition  were  used  and  led  to 
similar  results*  Metal-Semiconductor-Metal  (MSM)  and  Schottky 
diode  detectors  have  been  fabricated.  Photoresponse  spectra  were 
recorded  and  show  solar  blind  characteristics  with  cut  off  wavelengths 
in  the  range  of  270-290  nm.  I'lio  visible  and  near  UV  rejection  ratio 
reaches  5  decades  and  the  cut  off  slope  is  4  nm  per  decade,  which  is 
the  current  state  of  the  art  for  solar  blind  detectors.  In  MSM 
detectors,  we  used  a  two-level  process  where  the  contact  pads  are 
reported  on  a  dielectric  layer  which  allows  to  reduce  the  dark  current 
to  values  as  small  as  10-100  f A  for  biases  up  to  20V  in  a  detector  with 
a  2  mm  finger  spacing  and  an  area  of  lOOmmxlOOmm.  The  noise  is 
below  the  detection  limit.  Extrapolations  can  be  made  from 
meastirements  performed  at  higher  biases  or  on  devices  with  larger 
dark  currents.  They  show  that  the  noise  is  limited  by  the  shot  noise. 
The  responsivity  is  in  the  range  of  0.05  to  0.1  A/W.  At  lOV,  the  dark 
current  is  about  1  fA.  and  the  noise  density  is  1.8E-17A/sqrt  Hz.  For 
a  band  width  of  50  Hz,  the  noise  current  is  thus  1.25Ei-16  A.  With  a 
responsivity  of  0.05  A/W,  the  detectivity  D  equals  4E14  /W 
corresponding  to  a  noise  equivalent  power  NEP=:2.5  fU'.  This 
corresponds  to  a  photon  flux  of  500/s  per  pixel  which  is  among  the 
be.Ht  valiU'S  over  reporff<l  in  AlGaN  solar  blind  detectors.  'I'ho  effecl.  of 
the  geometry  (finger  spacing  and  width)  was  studied,  and  we  will  use 
it  to  show  the  ultimate  performance  that  can  be  obtained  in  AlGaN 
MSM  detectors,  Schottky  diode  AlGaN  solar  blind  detectors  exhibit  a 
larger  dark  current  due  to  parasitic  leakage  currents  on  the  mesa 
edges.  1’hoy  howev«*r  show  a  larger  responsivity,  so  that 
high  perfomance  is  also  achieved  in  AlGaN  solar  blind  Schottky  diodes. 


SESSION  Y2:  Bulk/Quasi  Substrates 
Chair:  Richard  Molnar 
Mon<lay  Afternoon,  December  1,  2003 
Room  312  (Hynes) 

1:30  PM  Y2.1 

Growtli  oMcl  Fabrication  of  2  Incli  FVee>stancliiig  GaN 


615 


SubBtrntcn  Via  tlio  Boiilo  Growth  Method.  Drew  Hanser. 
[/ianghong  biu,  Ed  Preble,  Darin  Thomas  and  Mark  Williams;  Kyma 
IVchnologies,  Inc.,  Raleigh,  North  Carolina. 

High  quality,  single  crystal  GaN  substrates  have  been  demonstrated 
using  a  boule  growth  process.  Here  we  report  on  the  crystalline  boules 
Ihal.  w<‘r«*  formed  during  the  growth  )»rocess  and  their  miit«‘ritd 
characterization.  Using  a  chemical  vapor  transport  process,  GaN 
crystals  were  grown  at  growth  rates  greater  than  200  /tm/hr.  Boules 
greater  than  .1  rnrn  thiek  were  grown  and  processed  into  free-standing 
.stibsirari'.t  |{<ieking  nirve  itie:i«(itr<  iii'MitN  using  high-resohilioti  X-ray 
<lifrraei  ion  wer<‘  |»»*rf(»rnie<l  un  tin*  substrates  with  FWIIM  vahirs  of  1>2 
and  IdG  arcsec  for  the  (002)  and  (102)  reflections,  respectively. 
TVansmi.ssion  electron  micrographs  of  the  GaN  material  show  high 
quality  material  quality  with  a  dislocation  density  in  the  range  of 
5x10^  cm-^ 

1:46  PM  Y2.2 

Post-growth  Waforing  and  Surface  Preparation  Processes  for 
2  Inch  GaN  Substrates:  CliarncteriKatioii  of  Surface  niid 
Material  Pro|»erti<>s.  Mark  Williaiiis,  bianghoiig  bin,  Ivl  Pr.  l.|.  , 
Darin  'riiomsts  and  l)r*  w  Han.ser;  Kyina  'IVchnologi^-s,  Im*.,  Itah-igii, 
North  (Carolina. 

I^eo-standing  2  inch  GaN  sub.st rates  fabricated  via  the  boule  growth 
mctluxl  w'ero  processed  to  prepare  for  epitaxial  growth.  We  report 
here  on  the  post-growth  wafering  and  polishing  process  and  the 
cbarnrierization  of  the  substrate  surfaces.  A  combination  of 
ns'chanienl  polishing,  ch«‘mi<‘ai  mechanical  polishing  ((‘MP),  ain-l 
pla.srna  etching  w**rr  used  to  create  a  flat,  <lainage-fr<-e  surfaet-. 
<>oss-sectional  'PEM  images  and  photoluminescence  measurements 
indicate  the  presence  of  surface  damage  after  mechanical  processing, 
which  is  not  efTectively  removed  with  a  CMP  process.  ICP  etching  was 
used  to  remove  the  surface  damage  and  create  a  surface  suitable  for 
epitaxial  growth.  Atomic  force  microscope  images  show  a  surface 
roughness  RMS  value  of  1  nm  and  a  peak-to-valley  value  of  <  15  nm, 
both  of  which  approach  values  for  commercially  available  sapphire 
wafers. 

2:00  PM  Y2.3 

Growtii  and  Characterization  of  Bulk  GaN  Crystals  at  High 
Pressure  and  High  Temperature.  Mark  P  D* Evelyn  *,  Huicong 

Hong*,  Dong-Sil  Park‘,  Kristi  J  Narang*,  Steven  V  bcBoouf’ ,  Philip 
R  Tavernier®,  David  R  Clarke®  and  Richard  J  Molnar®;  ^GE  Global 
R#'s/*arrh  fV^ntor,  Niskaynna,  N^'w  York;  ®Mat/»rials  Departm*'nt, 
nniv»  rsity  of  <  ^'di^orlli;l,  Snnia  Barbara,  Santa  Barl>ara,  t 'alifontia; 
'^binroln  baboraf ory.  Ma.ssa.*lms*‘tis  bistituto  of 'rochnohigy, 
b«'xington.  Massachusetts 

We  report  the  growth  and  characterization  of  bulk  GaN  single  crystals 
by  temperature-gradient  recrystallization  at  high  pressure  and  high 
temperature  (HPin'),  using  apparatus  adapted  from  that  used  to 
synthesize*  gem-grade  <lianion<l  crystals.  The  bulk  crystals  are  grown 
on  se*-ds  that  wer.‘  »ynl  h•^Hiz*•d  !>y  hydride  vapor  phase  epitaxy 
(HVPE)  and  subs*  qti'  nl  ly  l•••mov<•fl  from  their  sapphir**  substrate.  'I'he 
process  is  routinely  able  to  grow  crystals  larger  than  10x10  inm  in 
diameter.  'I'he  crystals  are  transparent  and  well  faceted,  and 
dislocation  densities  below  10^  cm“®  h«ave  been  achieved.  Additional 
charnrterizatiou  of  l|i«“  <,IaN  erystals  is  also  presented. 

2:15  PM  Y2.4 

Pk*cc-stftnding  A- plane  Galliiiin  Nitride  Fabricated  via 
Spoiiriuieous  Lift-f>ff.  ihnjamin  Allen  Haskell* Shigt-masa 
Matsnda',  Tetstio  h^ijli'  ,  Feng  Wu**®,  Paul  T  Fini*’®,  Steven  P 
DenBaars*’*,  James  S  Speck*'®  and  Shuji  Nakamura^*®;  *  Materials 
Department,  University  of  California,  Santa  Barbara,  California; 

NRMVKRATO  .1ST,  U(*SB  Group,  University  of  California,  Santa 
Barbara,  C’alifornia. 

Nonpolar  (1 1-20)  a-plane  gallium  nitride  has  been  found  to  grow 
heleroopitaxially  on  (1-102)  r-piane  sapphire  by  a  number  of  groups. 
However,  previous  attempts  to  grow  a-plane  (7aN  on  r-jdane  A\jO^  bv 
hydride-  vapor  plias- epitaxy  (HVPE)  yiel<le<l  faceted  films  l.hal*were* 
unsuitable  for  subsequent  device  regrowth.  Recently  we  reported  on 
I  he  first  HVPE  growth  of  planar  a-plane  GaN  films  on  r-plane 
sapphire,  'fhese  films  were  charaeterized  by  smooth  surfaces  with 
RMS  roughness  valties  below  ().«  nm,  but  decorated  by  cm~® 

nanometer-scale  pits  and  ridges  marking  threading  dislocation 
terminations  and  basal  plane  stacking  faults,  respectively.  In  tliis 
abstract,  we  report  on  lateral  epitaxial  overgrowth  (LEO)  of  a-planc 
(laN,  its  offectiveness  in  eliminating  both  threading  dislocations  and 
basal  plane  stacking  faults,  and  subsequent  substrate  removal  via 
spontaneous  lift-off.  I’lie  a-plane  GaN  LEO  growth  process  was 
performed  in  a  three- zone  directed-flow  HVPE  system  at 
1040-1070®C:.  Typical  growth  rates  were  16-50  /im/hr  with  V/HI 
ratios  of  15-30.  ^fho  masks  for  the  LEO  process  were  prepared  by 
utilizing  conventional  photolithographic  processing  and  wet  etching  to 


^^130  nm-thick  plasma-enhanced  chemical  vapor  deposited  SiO^ 
dielectric  layers.  A  variety  of  mask  geometries  were  found  to  yield 
planar,  coalesced  films,  including  arrays  of  parallel  stripes  oriented 
along  the  GaN  <J-100>,  <l-102>,  and  <0001>  directions.  In  each 
case,  atomic  force  microscopy  showed  a  reduction  of  the  surface  pit 
density  to  le.ss  than  3  x  10®  cm“®  and  RMS  roughne.ss  value.s  below 
0.7  nni  'flu-  ovr-rgrowii  mat.>rijil  in  tlx*  Gu-faee  (0001)  wings  for 
<  I-100>-C)rlented  stnp«'s  wjm  fonixl  to  have  threading  dislocation  aixl 
beisal  plane  stacking  fa\>lt  densities  of  less  than  the  transmission 
elf'ctron  microscopy  rc.solution  limits  of  5  x  lo'^’  rni“®  nnd  3  x  lo’' 
cin"'  ,  iv»'ly  <  ^il  h«*dMhuniii»*f»c#  iM*«‘  Ml.udi«-s  «*f  llx-  bl'.O  litiii.n 

showed  a  four-foM  inerea.se  in  band  edge  linninous  inleii.sil.y  in  the 
overgrown  material  compared  to  tlie  wdndow  material.  The 
above-described  LEO  process  has  been  utilized  to  fabricate 
free-standing  a-plane  GaN  films  for  the  first  time  through 
spontaneous  lift-off.  In  addition  to  providing  defect  reduction,  a-plane 
GaN  films  grown  laterally  from  <  l-102>-oriented  stripes 
spontaneously  separate  from  their  substrates  on  cooling.  Thermal 
expansion-related  stresses  bow  the  wafers  to  radii  of  curvature  of  less 
than  one  meter  at  rootn  temperature.  Virtually  no  aflhe.sion  exists 
betwe#-n  tli*>  hileriilly  i >\vh  GaN  and  the  uiivik  material,  and 
.separatum  occuns  ••oiisi.si.ently  in  thv  wimlow  iitaUTial  b«'twf'en  the 
SiOx  stripes.  The  a-plane  GaN  films  spontaneously  peel  off  from  the 
outer  edges  of  the  wafer  inward  to  relieve  the  bowing  stresses.  Nearly 
full  two-inch  wafers  have  been  produced  by  this  process  with  film 
thicknesses  of  125  /im  by  this  process. 

2:30  PM  Y2.G 

Solortivo  Aron  Lateral  Epitaxy  of  A-Plmie  GaN  Layers  tui<l 
Hcterostruetiires  on  R-Plaiie  Sapphire.  (.Umngciiiig  (then,  Jinwei 
Yang,  jianping  Zhang,  wonhong  sun,  Mikhail  G ac vsk i” od imind as 
kuokstis,  Vinod  Adivarahan,  Shiva  Rai,  shuai  wu,  hongnici  Wang, 
zheng  Gong,  Ming  Sii  and  M  Asif  Khan;  Depart,  of  Elect.  Engr.,  Uni. 
of  South  Carolina,  Columbia,  South  Carolina. 

To  date  nearly  all  nitride  light  emitters  employ  c-oriontation 
hctorostructures  that  possesses  strong  electrostatic  fields  parallel  to 
the  [0001]  direction.  These  internal  fields  severely  limit  the 
luminescence  due  to  band  bending,  which  spatially  separates  the 
electron  and  the  hole  wave  functions.  In  this  work,  we  report  an 
innovative  selective  area  lateral  epitaxy  (SALE)  approach  to  deposit 
high  quality  low  defect  den.sit.y  (11-20)  GaN  films  on  (1-102)  (r-) 
plane  .sappliire  substrates.  The  fully  coalc.sced  SALE  a-planc  GaN 
films  exhibit  smooth  surface  (RMS  roughness  of  0.45nm),  superior 
structural  quality  (FWHM  of  (1 1-20)  ornega-aran  of  only  0.00  •’kgree), 
as  w#‘M  exer  ||«*ni,  quality  (thn*.Hlu>ld  for  stiiiitilat«->l  <>mi.H.sif >ii 

KKI  kW/fm2).  Noii'{Milai’  AIGaN/<iaN,  Irif.laN/GaN  a.s  well  as 
AlInGaN/InGaN  multiple  quantum  wells  were  then  grown  on  the 
SAIdv  films.  The  light  emi.ssion  intensities  from  these  heterostructures 
were  at  least  one  order  of  magnitude  higher  as  compared  to  the 
MQWs  which  were  deposited  on  the  planar  a-plane  GaN  films  grown 
by  the  conventional  MOCVD  process.  Therefore,  our  new  SALE 
growth  procedure  provi<les  an  excellent  approach  for  producing 
non-polar  nitrid**  films  and  hctero-structures  for  high  efTi<'ieiu*y 
<)pt<>«'lf‘Ctroni<‘  <h*vu’i’.s. 

2:45  PM  Y2.C 

Recent  results  on  vapor  pliase  epitaxial  and  bulk  growth  of 
GaN  aiul  AIN  materials.  Vladimir  A  Dmitriev.  Yuri  V  Melnik, 
Alcxci  IVchnikov,  Oleg  Kovalenkov,  Vitalt  A  Soukhoveev,  Oleg 
Ledyaev,  Vladimir  Sizov,  Yelyzaveta  Shapovalova,  Vladimir  A 
Ivantsov  and  Alexander  Usikov;  TDI,  Inc,  Silver  Spring,  Maryland, 

in  this  report  wo  suinmarize  our  recent  results  on  development  of 
vapor  phase  crystal  growth  technique  for  group  III  nitride 
semiconductor  materials.  Material  properties  of  GaN,  AIN,  and 
AIGaN  epitaxial  layers  grown  by  hydride  vapor  phase  epitaxy 
(HVPE)  will  be  pre.s<  nt*‘d  inrln<(ing  properties  of  thick  (up  to  70 
microns)  crack-free  AIN  layers  on  2-inch  SiC  substrates,  AIN  layers  on 
6-inch  Si  substrates,  and  GaN  layers  with  reduced  defect  densities 
grown  on  4-inch  sapphire.  Multi  layer  HVPE  grown  AlGaN/GaN-  and 
AIGaN/AIGaN-basod  device  structures  for  transistor  and  light 
emis.sion  applications  in  a  wavelength  range  from  300  to  .310  nm  will 
be  described.  Second  aspect  of  the  report  is  growth  and 
characterization  of  bulk  single  crystal  materials  from  vapor  phase,  We 
will  pro.sent  the  laJost  experimental  data  on  material  properties  of 
GaN,  AIN,  AIGaN  w:if<T.s  fal)ri<^*at»*d  from  bulk  crystals  aixl  initial 
results  on  homoepitaxial  growth  on  these  wafers. 

3:30  PM  Y2.7 

AIN  Crystal  Growth  by  HVTE  Using  Mctal-Orgatuc 
Precursors.  Vladimir  Tassev*.  David  Bliss®,  David  Weyburne®,  John 
Bailey*,  Calvin  Yapp*,  Ravi  Kanjolia®,  Nam  Nguyen^,  Lesley  Smith^, 
William  Monk'*  and  Raj  Odedra**;  *  Solid  State  Scientific  Corporation, 
Hollis,  New  Hampshire;  ®Air  Force  Research  Laboratiory,  Hanscom 
AFB,  Massachusetts;  ^Epichem,  Inc.,  Haverhill,  Massachu.setts; 
'*Epichem,  Inc.,  Bromborough,  United  Kingdom. 
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Aluminum  nitride,  because  of  its  high  thermal  conductivity,  UV 
transparency,  and  close  lattice  match  to  other  Ill-nitride  alloys,  is  of 
great  interest  for  electronic  and  photonic  applications.  Large  diameter 
singl*’  <TyHtnl  AIN  waf*Ts  have  <‘<>tnni<Mvial  potential  as  substrata's  for 
<{aN  arul  AI<jaN  bas<'d  <l«.*vi«'fs.  llow<*vcr,  the  trxisting  substrates  are 
either  too!  small  in  diameter  or  <lcposlted  on  expensive  non-native 
siibstrnteji,  such  as  silicon  earbide.  'I'he  Ilalule  Vapor  'IVansport 
Hpitaxial  .(IIV'I’K)  process,  ih  scribcd  here,  was  devel<)|>ed  to  overeome 
the  present  wafer  deficiencies.  'lb  avoid  the  disadvantages  of  the 
conventional  MVPE  we  have  used  Aids  -NHa,  and  AlCls-tBuNH^ 
adducts.  By  preforming  the  adduct,  we  reduce  the  reactivity  and 
avoid  many  of  the  problem.s  encountered  in  the  typical  VPE  growth 
proce.ss.  Sapphire  templates  with  a  l/<m  thin  AIN  MOCVD  layer  are 
used  to  seed  the  HVTE  growth.  The  influence  of  the  deposition  and 
adduct  temperature,  reactor  pressure  and  gas  flow  velocities  on  the 
layer  growth  rate  and  crystal  quality  was  investigated.  The  ranges  of 
interest  were  mainly  the  high  deposition  temperatures  (1000-1300‘'C), 
the  low  reactor  pressure  (1-50  Torr)  and  a  range  of  total  gas  flow  from 
300  to  400  seem.  Single  crystal  AIN  layers  2  inches  in  diameter  and 
with  thickness  up  to  50  /nn  have  been  grown  with  a  deposition  rate  of 
10-20  /nn/h.  n[‘ho  lny<*r  quality,  as  determined  by  x-ray  rocking  curve 
nu‘asnr<'tn<'ntfl  (with  a  high  r<’.Holnf.lon  Philip.s  in.striiuK'tit  u.sing  onu-ga 
sr-an),  will  be  di.scus.srd.  'FIk-  FWMM  for  (002)  and  (J02)  planes  are  in 
the  range  of  about  300  and  500  arc-sec,  respectively,  replicating  the 
linewidths  of  the  MOCVD  templates.  With  trace  element  impurity 
n)easuremonts  by  SIMS  analysis  indicated  about  10^® /cm®  oxygen 
and  a  negligible  carbon  contamination,  the  electrical  properties 
remain  insulating.  Tests  are  under  way  to  evaluate  this  material  as  a 
substrate  for  OaN-hasod  device.s. 

3:45  PM  Y2.8 

Vai>or  i>]iase  transport  of  AIN  in  an  RF  heated  reactor:  Low 
and  high  temperature  studies.  Vladimir  Noveski^*^.  Raoul 
Schlesser*,  Zlatko  Sitar* ,  S.  Mahajanb®  and  Stephen  Beaudoin®; 

*  Department  of  Materials  Science  and  Engineering,  North  Carolina 
State  University,  Raleigh,  North  Carolina;  ^Department  of  Oliemical 
and  Materials  Engineering,  Arizona  State  University,  Tempe,  Arizona; 

School  of  Chemical  Engineering,  Purdue  University,  West  Lafayette, 
Indiana. 

AIN  crystals  were  grown  hy  vapor  phase  transport  in  an  RF  heafy-d 
snblimntmn  reivelor.  'riu*  studif.s  w*Te  perfornu'd  with  two  maiit  goals: 

I )  to  opl.imiz<’  1.h»‘  initial  inicl«'at ion  stag*'  of  singh*  cry.slal  growth  on 
AIN-<-onied  Si<  ■  (s<-rdo<l  growth),  an<l  2),  to  tmprovr  the  growth  rate 
by  investigating  the  mass  transfer  effects  in  the  high  teniperatnro 
range  from  2rt0()-2‘100®<’.  'I'he  effecl.s  of  temperature,  source-t<vse<'d 
dislatuv'  and  tin-  growth  tinn*  iti  the  lower  l.emp<‘raf  nr*’  range  wen* 
inve.siigaied.  A  one.<liin*‘nsioit:il  nuuss  transfer  mo<}e!  bas«’d  on 
e<|tiiiil>riunt  sublimation  and  gas- phase  diffusion  was  developed.  Model 
parameters  were  estimated  from  growth  experiments  carried  out  at  a 
nitrogen  pressure  of  fion  Ibrr,  a  nitrogen  flow-rate  of  100  srem  and 
temprraiures  from  2000  to  2250  ®<!.  'I'he  model  was  v:t.lid:itefl  against 
independent  growth  experiments  con<luct.e<!  between  2200  and  2400 
®<^  with  growth  rates  of  1  mm/hr  of  25  mm  diameter  and  12  mm 
long  polyerystalline  houb's.  '|'h.*  seeded  growth  imeb'atioti  studies 
were  eoiidu.-Jed  ul  leiij j m  hiI tu'es  iiuiging  frotu  I SOCt  ft*  2000  \  while 

all  other  paraniet«Ts  were  the  same  as  in  the  high  temjH-ral lire 
studies.  At  lower  temperatures  (1800-1850  ®C)  and  large 
sonrce-to-sced  <listance  (*vrf35  mm),  discrete  single  crystal  growth  was 
o!>serve<|  with  few  instanees  of  coalescence.  Higher  teinperature.s  (  UMh) 
*<^),  short  soiirce-to-seed  distances  (^10  mm)  and  longer  growth 
times  (<-^30  hrs)  yielded  better  crystal  coalescence.  After  the 
nncleation  stage,  the  observed  growth  rates  were  in  agreement  with 
the  predictions  of  the  growth  model  developed  above  for  gas-phase 
mass-transfer  controlled  growth  of  polycrystalline  boules.  Optical  and 
<*loctron  microscope  images  of  the  seeded  crystals  revealed  ste|vflow 
growth  while  the  x-ray  analysis  confirmed  the  single  crystalline  nature 
of  the  grown  material.  IVansparent  and  essentially  colorless  single 
crystalline  AIN  was  grown  over  surface  areas  of  200-300  mm®. 

4:00  PM  Y2.0 

Infliionco  of  Crucibles  on  AIN  Bulk  Crystal  Growth. 

Rafael  Datmau.  Kaonl  Schicssor  and  Zlatko  Sitar;  Materials  Science 
and  Engineering,  North  Carolina  State  University,  Raleigh,  North 
Carolina. 

Growth  of  AIN  bulk  single  crystals  by  sublimation  of  AIN  powder  was 
carried  out  in  a  resistively  heated  reactor  at  temperatures  up  to  2300 
®C.  Experiments  were  performed  in  nitrogen  atmosphere  at  pressures 
ranging  from  400  to  600  Torr  and  100  seem  gas  flow.  A  variety  of 
crucible  materials,  such  as  BN,  AIN,  W,  Ta,  TaN,  and  TaC,  were 
evaluated.  Our  studies  have  shown  that  the  morphology  of  crystals 
grown  by  spontaneous  micleation  strongly  depends  on  the  growth 
t<‘mperature  and  contamination  in  the  reactor.  Crucible  selection  had 
a  profoiitKl  effect  on  contamination  in  the  crystal  growth  environment, 
influencing  nucleation,  coale.scence,  and  crystal  morphology.  Crystals 


grown  in  BN  crucibles  exhibited  highly  anisotropic  growth  rates  along 
different  crystallographic  directions.  Crucibles  made  of  refractory 
metals,  and  metal  carbides  or  nitrides,  yielded  well-faceted  crystals 
witli  isotropic  growth  rates.  Depending  on  the  choice  of  reaction 
crucibi*-,  crystals  wen-  optically  clear  or  tinted  orange.  Orange 
coloration  was  ob.scrved  in  crystals  grown  in  rcfra<*tory  nietal 
crucibles.  Spontaneously  grown  single  crystals  up  to  15  inm  in  size 
were  rharacteri'/c^l  l*y  x-ray  diffraction  (XRD),  transini.ssioii  eb«ctron 
micr<jscopy,  x-ray  topogra|»hy,  and  SIMS.  Average  dislocation 
dcn.sitics  were  on  the  order  of  1000/cm®,  with  extended  areas  virtually 
dislocation-free,  while  high- resolution  XRD  showed  rocking  curves  as 
narrow  as  7  arcsec.  A  survey  of  the  influence  of  reaction  crucibles  on 
crystal  growth  and  morphology,  as  well  as  characterization  data,  will 
be  presented. 

4:15  PM  Y2.10 

Growth  of  GaN  crystals  under  ammono thermal  conditions. 
Buguo  Wang^,  Michael  J.  Callahan®,  David  F.  Bliss®  and  Joseph  W. 

Kolis^;  ^Departrnent  of  Chemistry,  Clemson  University,  Clemson, 
South  Carolina;  “SNHC,  Air  Force  Research  Laboratory,  Hanscom 
AFB,  Massachusetts. 

<!rowth  of  <JaN  bulk  crystals  iiiubT  amiuonotlicrmal  coixlitions  haw 
been  developed.  'Phe  experiments  were  performed  at  500  -  600  ®C,  30 
'N'  45  kpsi  from  ammonobase  solutions  in  Rene  autoclaves  for  up  to  3 
weeks.  Nutrients  were  polycrystalline  GaN  made  from  vapor  phase 
transport  growth.  Single  crystal  clu.sters  of  GaN  on  the  order  of  500 
ptm  -  1  mni  long  were  obtained.  These  crystals  were  spontaneously 
nucleated  on  the  lower  walls  of  the  autoclaves.  Transported  growth  on 
polycrystallinc  see<ls  from  vapor  growtli  at  up  to  100  /mi  per  <fay  was 
also  achieved.  'Plu*  ammonothermal  growth  of  GaN  on  HVPE  single 
crystal  seeds  is  under  investigation.  GaN  has  a  high  solubility  in 
ammonobase  solutions,  but  the  dissolving  process  is  slow  and 
intermediate  species  formed  from  GaN  dissolution  have  high  stability 
at  low  temperatures.  The  intermediates  have  been  characterized  by 
XRD,  FTIR  and  chemical  analysis.  The  ammonothermal  crystals  were 
characterized  by  photoliiminescence  (PL),  XRD  and  SEM.  The  high 
quality  crystals  with  well-defined  morphology  have  been  verified  by 
PL  and  X-ray  diffraction.  The  growth  mechanisms  will  be  discussed. 

4:30  PM  Y2.11 

Curvature  aiicl  strain  in  thick  HVPE-GaN  for  qunsi-sul>strato 
nppIicntioiiM.  < 'liiiuliii  H«Klrr' ,  'Pirn  BocI.I.cIut* ,  |)i*t.|«-r  ll(iiniu«‘l', 
'Pnnyn  Psisk^wn*  ami  lb*  Mon*-mar®;  Mn.st.  of  Solid  Pliysics, 

University  of  Bremen,  Bremen,  Germany;  ®I)epartnienl  of  Physics  and 
Measurement  'Pechnology,  Linkoeping  University,  I/inkooping,  Sweden. 

In  or<lf‘r  to  overcome  the  in:\jor  problem  in  lln*  <*aN  technology, 
namely  the  lack  of  a  nativ<*  substrate,  the  most  promising  approach  is 
the  fabrication  of  thick  GaN  on  sapphire  utilizing  hydride  vapor  phase 
epitaxy.  In  combination  with  the  laser  lift-off  technique,  free-standing 
GaN  films  were  fb-ni  oust  rated.  However,  a  critical  remaining  question 
arising  from  the  iliermai  and  th#*  lattice  mistmitch  is  the  aecdmiilation 
of  strain  an<l  wafer  bending  during  growth  and  during  cooldown,  .since 
both  can  cause  the  cracking  of  the  film  and  the  sapphire.  To  acce.ss 
tin-  strain  slat**  a1  room  and  at  growt  h  temperature, 
t.emperatiire-<h*p«*iident  X-ray  diffraction  up  to  I(IIM)  Kelvin  w:us 
utilized  to  determine  the  lattice  constants  as  well  as  the  wafer 
curvature  simultaneoulsly.  The  combination  allows  to  separate  the 
iiulividual  strain  components,  namely  the  extrinsic,  thermal  strain  as 
well  as  tin-  intrin.sic  growth  aixl  liydro.static  strain.  In  agreement  with 
previous  findings,  all  samples  investigated  were  found  to  be  under 
biaxial  tension  at  growth  temperature,  which  is  presumably  caused  by 
the  high-temperature  island  coalescence.  Upon  cooldown,  the  thermal 
strain  overcompensates  the  intrinsic,  growth  strain,  such  that  at  room 
temperature  the  film  is  under  biaxial  compression,  while  the  substrate 
is  tensile  strained.  In  ad<iition,  the  wafer  bending  amplifies  the 
tension  at  the  GaN-sapphire  interface,  such  that  at  a  critical  thicknc.ss 
cracks  nucleate  due  to  the  low  tensile  strength  of  sapphire.  One 
solution  is  to  increase  the  thickness  of  the  sapphire  substrate,  which 
reduces  the  wafer  bending  and  raises  the  critical  thickness  for  crack 
appearance.  To  quantify  the  hydrostatic  strain,  GaN  layers  of  varying 
thickness  grown  on  sapphire  as  well  as  free-standing  GaN  were 
measured,  since  a  gradient  of  the  hydrostatic  strain  might  explain  the 
curvature  of  free-standing  material  after  lift-off.  All  measurements  are 
in  good  agreement  with  quantitatvie  simulations  of  the  stresses  at  the 
various  interfaces. 

4:46  PM  Y2.12 

Dislocation  dynamics  in  laterally>|^own  GaN  beyond 
dislocation  bending.  Andrew  Y  Kim  .  Werner  Goetz\  Junko 
Kobayashi\  Mike  Krames\  Rick  Mann*,  David  Follstaedt®,  Nancy 
Missert®,  Paula  Provencio®,  Daniel  Koleske®,  Christine  Mitchell®, 
Katherine  Bogart®  and  Andrew  Allerman®;  *RA:D,  Lumileds  Lighting, 
US,  IJXt,  San  Jo.s<-,  Galirorui;x;  ®S:vn(lia  National  LaboratorU.s, 
Albuquer<jiic,  New  Mexico. 
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Lntcrnl  growth  of  (JaN  is  iis^cl  in  a  variety  of  related  tecliniquos  to 
prodiK  e  lower  dislocation  <lcnsities  than  currently  possible  with  <Hrect 
(.laN  growth  onto  sapphire  or  silicon  carbide.  Kesearch  has  focii.sod  on 
bending  dislocations  from  initial  GaN  growth  into  the  substrate  plane 
where  they  are  presumably  annihilated,  terminate  at  a  free  surface,  or 
are  at  least  concentrated  into  initial  growth  and  coalescence  regions. 

It  has  also  been  noted  that  wing  tilts  result  in  tilt  boundaries  of 
dislocations  upon  wing  coalescence,  which  could  be  a  substantial 
source  of  dislocations  in  ot  hcrwi.se  high-quality  materials.  In  this 
report,  we  discn.ss  tin*  dislocation  <iyimmics  occuring  after  dislocalioTj 
bending  in  cantilever  epitaxy  materials.  Secondary  networks  of 
dislocation  are  observed  to  form  what  are  believed  to  be  tilt 
boiitularies  neceMsnry  to  accommodate  wing  tilt,  or  in  some  cjws  ar<‘ 
dist  ributed  throughout  tin*  wings  to  create  wing  curvature.  1'lie 
observed  numl)cr  of  dislocations  is  generally  insufficient  to  fully 
account  for  the  wing  tilts,  i.e.  some  of  the  wing  tilt  is  accomodated 
elastically.  In  samples  with  wing  tilts  ranging  from  0.2  to  2  deg,  the 
ela.stic  tilt  is  estimated  to  be  *^0.15  deg.  We  propose  a  mode! 
analagous  to  the  critical  thickness  in  lattice-mismatched  epitaxy, 
where  there  is  a  critical  tilt  that  is  always  accomodated  elastically. 

The  mode!  suggests  that  tilt  boundary  dislocations  can  be  avoided 
altogether  if  the  wing  tilts  can  be  reduced  below  the  critical  tilt. 

Anot  her  source  of  secondary  dislocations  are  defects  in  the  wing 
coalescence  interfaces  that  punch  out  dislocation  loops  in  the  c-plane. 
'I'he  threading  dislocations  over  cantilever  ’posts*  have  been  observed 
to  pin  dislocation  loops,  i.e.  we  propose  that  the  Cottrell  mechanism 
acts  to  limit  the  size  of  the  dislocation  loops.  The  strength  of  the 
t'^ottrell  mechanism  in  liniiiing  dislocation  loo^>s  decrea.s^s  as  the 
^h'li.sity  of  the  'forest*  of  perpendicular  threading  dislocations 
decreases,  which  may  explain  why  di.slocation  loops  can  be  very  large 
in  samples  with  otherwise  very  low  dislocation  density.  Elimination  of 
both  types  of  secondary  dislocations  is  of  interest  for  practical  <levice 
apf>lications:  tilt  boundary  dislocations  occur  in  every  wing  and 
dislocations  loops,  while  they  may  appear  infrequent  on  the 
microscale,  can  represent  a  substantial  defect  density  on  the  scale  of  a 
modern  CJaN  device.  Tliese  models  for  dislocation  dynamics  are  not 
sperific  to  cantilever  epitaxy  and  should  apply  to  other  techni<mes 
using  lal.<TaI  growth  of  GaN.  'riiereforc,  reducing  wing  tilts  to  below  a 
critical  tilt  and  climinattiig  the  formation  of  dislocation  loops  at  the 
wing  coale.sconce  Interfaces  are  two  important  challenges  to  obtaining 
truly  low  dislocation  density  in  laterally-grown  GaN  devices. 


SI'/SSION  Y3:  Ih*teroepitaxy 
f  Uiatr:  Tlwodop*  Moiistakas 
^^lcsday  Morning,  December  2,  2003 
Room  312  (Hynes) 

8:30  AM  *Y3.1 

GaN-1>i»e<l  epitaxy  and  dovioes  on  Silicon.  Alois  Jakob  Krost, 
'inslitiit*'  of  IOxp*’rini«*ntal  IMiysirs,  Oito-vori-<  in»*riek»'  nniv»T.Mita*'t 
Magde  burg,  Magdeburg,  (b  rmnny;  ‘''()tLo>von-Gti«*ri<*ke  t t|iiv«M’sil ut*t 
Magdeburg,  Magdeburg,  Germany. 

Since  15  years  silicon  as  a  siil>slrafe  has  attracted  much  alt»*ntion  for 
the  epitaxial  growth  of  11 1- V  compounds  like  GaAs  and  InP  because 
of  its  unique  physical  properties,  low  price  and  its  availability  in  large 
diameters  up  to  12  inches  now.  I^oni  the  point  of  view  of  economics  Si 
offers  a  low  price  a.s  compare<l  to  sapphire  and  SiC,  high  crystalline 
p*  rf.  r  lmn,  avallabiltiiy  of  larg.-  si/,**  .siibstrati-s,  ail  typr  s  of 
**t>ndu^*l i vit y,  and  high  liu-riital  ^■<»ndnetivity.  I*’urth»*rnifjr«*,  it  »*aii  Im* 
easily  processed.  However,  in  spite  of  huge  efforts,  no  real 
breakthrough  has  been  obtained  because  of  the  high  mobility  of 
<lislorations  in  GaAs  and  InP  leading  to  a  rapid  degra<lation  of  all 
<leviee.M  fabricated  so  far.  In  contrast,  (JaN-biwd  <levices  are  known  to 
operate  very  well  without  aging  effects  with  dislocation  densities  as 
high  as  1010  cni-2.  Thus,  in  case  of  a  successful  growth  of  GaN  on  SI, 
GaN- based  electronics  and  optoelectronics  as  well  as  the  integration 
of  Si-  and  <  JaN-l>a.sf<!  <|. -vices  on  the  same  chip  becomes  feasible.  'I'he 
growth  of  deviee-<juality  GaN  on  Si  is  known  to  be  limited  l>y  severe 
strc.ss  problems  leading  to  a  wafer  bending  and  to  cracked  layers  when 
exceeding  micrometer  in  thickness.  Using  an  in-situ  optical  sensor 
for  monitoring  the  wafer  curvature  we  distinguished  and  controlled 
several  origins  of  ro.sidual  stro.sses  during  growth:  epitaxial  streses  due 
to  misfit  of  interatomic  distances,  e.g.  compressive  when  inserting  an 
AIN  interlayer,  thermal  strcs.ses  due  to  the  difference  between  the  film 
and  sul>strat.e  thermal  expansion  coefficients  (tensile),  Si-  and 
Mg-doping  (iensih  ),  grain  boundary  relaxation  dtiritig  coah'.s<  <  iK*e  of 
31)  islandsj  (tensile),  insertion  of  sul>- monolayer  SiN  masks 
(compressive).  Remarkably,  the  strong  tensile  stress  for  Si-doped  GaN 
cannot  be  'explained  by  a  simple  change  of  interatomic  distances  but 
is  likely  correlated  to  the  dislocation  density.  By  an  appropriate 
balance  of  all  these  contributions  cracking  and  bowing  of  the 
substrates  can  be  avoided.  With  the  insertion  of  thin  AIN  interlayers 
and  in-situ  SIN  nanomasks,  we  succeeded  in  growing  4  micrometer 
thick,  crack-free,  planar  GaN  on  Si.  Latest  results  on  FET  and  LED 


device  structures  l>asc<l  on  such  layers  will  be  presented. 

0:00  AM  Y3.2 

Achieving  High  Quality  AIN  Epilayers:  Epitaxial  Growth, 
Optica]  Transitions,  and  Impurity  Properties.  Mim  Lai 
Nakarmi,  Ki-Bum  Nam,  Neeraj  Nepal,  Jing  Li,  Kyoung  Hoon  Kim, 
Jingyn  Lin  and  Hongxing  Jiang;  Physics,  Kansas  State  University, 
Manhattan,  Kansas. 

KiiowIe<!ge  concerning  tlu-  optical  properties  of  AIN  i.s  v^-ry  scarce, 
despite  its  importance  for  the  fundamental  understanding  of  wl<le 
band  gap  semiconductor  properties  as  well  as  for  device  applications. 
With  its  large  dir*-ct  luuidgap  (around  fl.l  eV  at  room  temperature), 
high  thermal  conductivity  and  liar<ln(‘Hs,  an<l  high  resistance  to 
chemicals,  AIN  has  many  attractive  properties  and  many  important 
applications  such  as  UV  emitters  for  the  detection  of  biological  and 
chemical  agents  and  for  general  lighting.  Here,  we  report  the  MOCVD 
epitaxial  growth  and  deep  UV  time- resolved  photoluminescence  (PL) 
studies  of  high  quality  AIN  epilayers.  Important  parameters  including 
the  energy  bandgap,  the  free  and  bound  exciton  binding  energies  and 
decay  lifetimes  have  been  measured.  Mg  and  Si  doping  in  AIN  was 
attempted.  From  PL  emission  spectra  and  the  temperature 
dependence  of  the  PL  emission  intensity,  a  binding  energy  of  0.51  eV 
for  Mg  acceptor  in  AIN  was  determined.  Together  with  previous 
experimental  results,  the  Mg  acceptor  activation  energy  in  AlxGal-xN 
as  a  function  of  the  A1  content  (x)  was  extrapolated  for  the  entire  AIN 
compo.sition  range.  The  average  hole  effective  mass  in  AIN  was  also 
deduced  to  be  about  2.7mn  from  the  experimental  value  of  the  Mg 
binding  energy  together  with  the  use  of  the  effective  mas,s  theory 
(assuming  a  dielectric  constant  of  8.5),  Although  Mg  acceptors  are  an 
effective  mass  state  in  ultra-large  bandgap  AIN,  as  a  con.sequence  of 
this  large  acceptor  binding  energy  of  0.51  eV,  only  a  very  small 
fraction  (about  10-0  or  one  billionth)  of  Mg  dopants  can  be  activate<l 
at  room  temperature  in  Mg  doped  AIN,  implying  that  it  is  extremely 
difficult  to  achieve  p  type  AIN  by  Mg  doping.  Si  doping  induced  PL 
emission  linewidth  broadening  and  band  gap  renormalization  efiects 
have  also  been  ob.sei  ved.  The  role  of  oxygen  impurities  in  determining 
the  optical  and  electrical  properties  AIN  has  been  investigated. 

0:1C  AM  Y^Uf 

HNO.-h  treatment  of  sapphire  substrate  for  management  of 
GaN  polarity  in  MOCVD  method.  Motoki  IVikab**' .  Masatomo 
Suniiya'*'^  and  Shunro  Fiike* ;  ’E&E  Eng,  Shizuoka  University, 
Hamamatsu,  Japan;  *CRRST-JST,  Tokyo,  Japan. 

We  #lisc<>v**r<-d  that.  UNO;,  treal  iuriit  of  a  c-plaiie  sapphire  snbstniif- 
led  to  management  of  the  polarity  of  GaN  film  grown  by  MOCVD.  A 
sapphire  substrate  was  treated  in  HNO3  solution  at  room  temperature 
after  cleaning  it  in  Ho- flow  at  lOSO^C.  When  GaN  film  was  grown  on 
the  treated  substrate  by  conventional  two-step  growth  in  MOCVD,  it 
had  N-face  (-c)  polarity,  having  hexagonal  facetted  surface.  GaN  film 
grown  on  a  H.f-cleaned  substrate  without  the  HNO.-\  trentmont  had 
<;a-fa«  »'  (-fc)  polarity,  having  sninotli  fa<'e,  even  though  the  Mtib.slrate 
was  expo.sed  to  air.  By  using  this  treatment,  we  have  attempted 
simultaneous  growth  of  GaN  film  with  both  polarities  (-f-c,-c)  on 
divided  area  of  a  sapphire*  substrate.  After  the  H^  cleaning  in  the 
growth  reaetor,  a  mask  patt»-rn  of  photoresist  was  formed  on  the 
H2-cleaned  substrate,  and  then  it  was  dipped  in  HNOj  solution  for  10 
min.  After  removing  the  mask  pattern,  the  substrate  was  introduced 
into  the  reactor  again,  ami  GaN  film  was  deposited  on  it  by  two-step 
MOCVD  method.  GaN  Itlin  with  hexagonal  facet  and  smooth  surface 
til  tin-  otIuT  r«-giou  w*-r»*  .simuti  am-ously  grown  on  HNO.^  Irfat*-d  and 
tin-  oIIm  i*  region  of  tin-  siibstrat*-,  re.Hi)ect'ively.  It  wa.s  coiifirtm*d  that 
only  region  of  hexagonal  facet  was  etched  by  KOH  solution.  We 
achieved  succe.ssfully  the  simultaneous  growth  of  GaN  film  with  both 
polarities.  This  indicated  that  the  position  of  polarity-controlled  GaN 
film  would  be  managed  on  a  sapphire  substrate. 

0:30  AM  Y3.4 

Stoj)-Flow  aii<l  Layer- by- Layer  Growth  of  AIN  on  SiC  (0001) 
by  Moleciiltir-Beaiii  Epitaxy.  Jim  Stida*'*.  Norio  Onojinia*, 
Tsunonobu  Kimoto*  and  Hiroyuki  Matsunami\  *  Department  of 
Electronic  Science  &  Engineering,  Kyoto  University.  Kyoto,  Japan; 
^"Nano.structure  and  Material  Property*’,  PRBSTd,  Japan  Science 
and  Technology  Corporation  (JST),  Kawaguchi,  Japan. 

Growth  of  high-quality  AIN  on  a  SiC  substrate  is  one  of  key  issues  to 
realize  high-performance  GaN-ba.sed  high-powor  high-frequency 
liet.Tojuiieiion  fu-ld-effeet  trati.si.stor.s  (Ilh'ETs)  and  A1N/Si<l 
nietat-insulator-.seiiiiconductor  ^''l•y^s  (MISFiyi's).  We  have 
investigated  precise  control  of  SiC  (0001)  surface  and  optimization  of 
growth  conditions  of  AIN  in  molecular- beam  epitaxy  (MBE).  Recently, 
we  have  realized  RHBED  intensity  oscillation  just  after  the  growth  of 
AIN  on  SiC  with  high  reproducibility  [l].  In  this  study,  we  focused  on 
the  correlation  between  growth  kinetics  and  crystalline  quality  of  AIN 
grown  layer.  4H-  or  6H-SiC  (0001)  on-axis  substrates  were  processed 
by  high- temperature  HCI-gas  etching  to  remove  a  surface  damaged 
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layor  nn^l  obtain  ■I  Mb  or  <>  Ml/-hcighl  stci>-an<i-terrarc  .stnioturi'. 
Next,  substrates  were  dipped  into  HF  solution  for  oxide  removal  and 
then  loaded  into  an  MBE  system.  Before  the  growth,  in-situ 
Oa-deposition  and  flush- off  were  carried  out,  which  results  in  an 
oxygen-free  (sgrt3xs7rf3)R30^  surface.  AIN  was  grown  by  rf 
plasm  a- assisted  MBE.  Growth  at  a  high  temperature  (1000®C): 
RHEED  intensity  oscillation  indicating  layer-by-layer  growth  of  AIN 
lasted  only  5  to  6  cycles,  followed  by  step-flow  growth  confirmed  by 
AFM  measurements.  The  growth  mode  transition  originates  from 
dissolving  of  4  Mb  or  6  Ml^-height  step  into  1  ML-height  step.  Growth 
at  a  low  temperature  (600®C):  RHEED  intensity  oscillation  la.sted 
over  60  cycles,  indicating  that  AIN  grew  in  layer-by-layer  mode  all 
thorough  the  growth.  A  low- temperature  growth  leads  higher  super 
saturation  and/or  shorter  migration  length,  which  resulted  in  such  a 
growth  mode.  Symmetrical  (0002)  and  asymmetrical  (01-14)  X-ray 
rocking  curve  measurements  were  carried  out  for  evaluation  of 
crystalline  quality.  For  (0002)  diffraction,  both  high-temperature  and 
low- temperature  grown  layers  showed  almost  the  same  FWIIM  values 
(70  arcsec  for  100  nm-thick  AIN).  On  the  other  hand,  for  (01-14) 
diffraction,  the  FWHM  of  low-temperature  grown  AIN  was  much 
smaller  (180  arcsec)  than  that  of  high-temperature  grown  AIN  (450 
arcsec).  These  results  suggests  that  layer-by-Iayer  growth  resulted  in 
reduction  of  twisting  or  edge-type  dislocations.  [1]  N.  Onojima,  J. 

Suda  and  H.  Matsunami,  Jpn.  J.  Appl.  Phys.  42  (2003)  L445. 

0:45  AM  Y3.5 

Growth  and!  Surface  Reconstructions  of  AIN (0001)  Films. 

(  Uiae-Deok  bee**^.  Randall  M  Feenstra*,  John  E  Northrup^  and  Joerg 
Neugebauer®;  ^  Physics,  Carnegie  Mellon  Univ.,  Pittsburgh, 
Pennsylvania;  ^Palo  Alto  Research  Center,  Palo  Alto,  California; 
'‘'Pritz-Haber-Institiit  der  Max-PIanck-Gesellschaft,  D-14195  Berlin, 
Germany;  ^Raytheon  RF  Components,  Andover,  Massachusetts. 

AIN  is  considered  to  be  a  useful  semiconductor  material  for  high 
temperature  atui  high  power  electronic  devices  an<l  also  optoelectronic 
<levice  applications.  While  there  has  been  progre.ss  in  identifying 
surface  structural  arrangements  on  GaN,  there  is  currently  only 
limited  knowledge  of  the  surface  structures  of  AIN.  Therefore,  we  have 
performed  experimental  and  theoretical  studies  of  the  surface 
reconstructions  of  AIN  films.  The  AIN  films  are  grown  on  Si-face 
fill-SiC  substrates  or  MOCVD-grown  GaN(OOOl)  templates  by 
plasma-assisted  molecular  beam  epitaxy  to  obtain  AI  polarity.  For 
moderately  Al-riclr  surfaces,  surface  reconstructions  with  symmetry  of 
2.<<7rr3x2.<^rf3-R30*^  and  are  found  on  the  basis 

of  scanning  tunneling  microscopy  (STM)  and  low-energy  electron 
diffraction  observations.  Such  surfaces  display  a  predominantly  2x6 
pattern  in  reflection  high-energy  electron  diffraction.  Anger  electron 
spectroscopy  indicates  an  AI  coverage  for  such  surfaces  of  2-3 
monolayers.  Based  on  this  result  and  on  first  principles  total  energy 
calculations  it  is  argued  that  these  reconstructions  involve  a  laterally 
contracted  AI  adlayer  structure  similar  to  that  previously  proposed 
for  GaN(OOOI).  At  higher  AI  coverages  a  thick,  flat  AI  film  is  found  to 
form  on  the  surface.  For  Al-poor  conditions,  additional  surface 
reconstructions  with  .<7r/3x.t<7r#3-R30®  and  2x2  periodicities  are 
observed.  For  growth  temperatures  of  750-800^0  a  large  number  of 
growth  spirals  (about  3x10®  cm”®)  are  seen  in  the  large-scale  STM 
images.  These  spirals  are  indicative  of  threading  dislocations  having  a 
screw  component.  For  higher  growth  temperatures  of  8.5n-88()*C  the 
numl>er  of  screw  dislocations  in  the  film  is  found  to  be  significantly 
reduced,  to  about  3x10*  cm”®.  This  work  has  been  supported  in  part 
by  tlie  Office  of  Naval  Research  under  grants  NOOOl  4-02- 1-00.3.3(0, 
Wo<)<l)  nn<l  Nn0()M-02-0-1,3:i(I..  <\>opor). 

10:30  AM  *Y3.0 

High-Quality  AIN  Epitaxial  Films  Grown  using  MOVPE  and 
Tlioir  Applications.  Miiii.shiro  Tmiaka',  'I'omohiko  Sliihatu**'*, 
Keiiehiro  Asai’,  Stiigenki  Sumiya* ,  Masahiro  Sakai* ,  lliroytiki 
Katsiikavva*,  Osnmti  Oda’,  Ilidoto  Miyake®,  Kazumasa  lliramatsu®, 
lliroyasu  Ishikawn^,  'I'nkasiii  Egawa*',  I'akashi  Jimho*^  aiul  .Shig^fiisa 
< ’hicliibu'* ,  'N<!K  INS!  IbA'rORS,  Nagoya,  Japan;  “’Mi**  Univi-i-sity, 

Mie,  Japan;  '"'Nagoya  Institute  'I'cchnology,  Nagoya,  Japan;  ^Tsukuba 
University,  Tsuknba,  Japan. 

AIN  has  pi^v.o#*I*‘Ctri<‘ity  and  I  he  wi<h>st  direct  baiul  gap  («5,2**V')  of  llw 
lll-V  nitride  materials,  so  that  the  realization  of  liigh-<(nality  AIN 
epitaxial  films  can  widely  extend  application  fields  of  IlI-V  nitride 
materials.  So  far,  we  have  been  growing  AIN  epitaxial  films  on  several 
single-crystalline  substrates  using  metal  organic  vapor  phase  epitaxy 
(MOVPK)  for  various  applications  including  surface  acoustic  wave 
(SAW)  devices,  optoelectronic  devices  and  electronic  devices.  In  order 
In  realize  SAW  devices,  a  (1  l-20)-faced  AIN  epitaxial  film  on  a 
( 10- 1  2)-faced  sapphire  substrate  is  the  most  promising  combination 
due  to  its  modest  electromechanical  coupling  coefficient  (1%)  and  its 
high  SAW  velocity  (6000m/sec).  Using  off-angle  sapphire  substrates, 
in  which  their  surface  plane  is  tilted  towards  [1-101]  sapphire 
direction,  have  effects  of  improving  AIN  crystal  qualities  and 
arranging  AIN  polarity.  As  a  result,  2. 4 GHz  SAW  filters  can  be 


reliably  realized  using  the  AIN  films  on  the  off-angle  sapphire 
substrate.  (OOOl)-raced  AIN  epitaxial  films  on  (OOOl)-faced  sapphire  or 
6H-SiC  substrates  have  a  great  potential  as  templates  for  AIGaN 
growth,  which  can  be  applied  to  wide  range  of  semiconductor  devices. 
We  have  achieved  crackless  high-quality  AIN  epitaxial  films  with  an 
atomically  fiat  surface  on  both  substrates.  The  AIN  epitaxial  films 
have  narrow  X-ray  rocking  curve  (XRC)  profiles  for  (0002)  plane  that 
correspond  to  full  width  at  half  maximum  (FWHM)  values  equal  to 
less  than  100  arcsec.  Dislocation  density  of  the  AIN  epitaxial  films  is 
as  low  as  1x10*°  /cm®  and  most  of  dislocations  consist  of  edge-type 
ones.  XRC  FWHM  values  for  (0002)  plane  of  AIGaN  epitaxial  flms 
overgrwn  on  the  AIN  epitaxial  films  are  equal  to  less  than  200  arcsec 
and  the  AIGaN  films  have  no  cracks  in  all  AIN  molar  fraction  range. 

In  particular,  dislocation  density  in  overgrown  GaN  reaches  as  low  as 
5xl0^/cm®.  The  improvement  of  crystal  qualities  of  the  overgrown 
AIGaN  results  in  improving  some  device  performance,  such  as 
luminous  efficiency  of  I/EI),  electronic  properties  of  IIF/M'F  devices 
and  so  on . 

11:00  AM  Y3.7 

Growth  Evolution  of  Gallium  Nitride  Films  on  Stepped  and 
Step-FVee  Silicon  Carbide  Surfaces.  C.  R.  Eddy*,  J  C 

Culbertson*,  M  E  Twigg*,  R  T  Holm*,  R  L  Henry*,  P  G  Neudeck®,  A 
J  Trunek^  and  J  A  Powell^;  *Electronic  Science  i  Technology 
Division,  U.S.  Naval  Research  Laboratory,  Washington,  District  of 
Columbia;  ®NASA  Glenn  Research  Center,  Cleveland,  Ohio;  °OAI, 
NASA  Glenn  Research  Center,  Cleveland,  Ohio;  ^Sest,  Inc.,  NA.SA 
Glenn  Research  Center,  Cleveland,  Ohio. 

Silicon  carbide  (SiC)  is  rapidly  becoming  the  substrate  of  choice  for 
the  development  of  high  frequency  and  high  power  electronic  devices 
employing  the  III-V'  nitride  family  of  materials.  This  heteroepitaxial 
growth  system  continues  to  receive  considerable  attention  as  materials 
issues  remain  the  fundamental  limiters  to  device  performance.  The 
heteroepitaxial  growth  of  gallium  nitride  (GaN)  thin  films  on  stepped 
and  step- free  4H  SiC  surfaces  is  reported.  Step-free  SiC  surfaces  are 
created  by  mesa  patterning  of  a  SiC  wafer  and  subsequent  epitaxial 
growth  in  a  process  described  previously  [l].  This  process  results  in  a 
collection  of  both  step- free  and  stepped  surfaces  on  a  given  sample. 

We  have  employed  an  established  metalorganic  chemical  vapor 
deposition  process  to  grow  first  a  thin  (120  nm)  aluminum  nitride 
(AIN)  nucleaiion  layer  and  then  a  2  micrometer  GaN  thin  film.  We 
have  interrupted  growth  at  various  stages  of  AIN  and  GaN  growth  to 
evaluate  the  growth  evolution  using  atomic  force  microscopy  (AFM). 
The  results  show  marked  differences  in  the  manner  in  which  the  initial 
AIN  layer  deposits.  Nucleation  is  random  with  elongated  grains  on 
step-free  SiC  surfaces,  while  stepped  surfaces  have  round  nuclei  of 
uniform  dimensions  and  a  high  degree  of  spatial  correlation  with  the 
nuclei  arranged  in  rows.  These  differences  diminish  as  the  AIN  layer 
approaches  the  desired  thickness.  Growth  of  the  GaN  epilayer  is  also 
markedly  different  on  the  two  types  of  surfaces  with  unstepped 
surfaces  leeuling  to  random  and  low  density  nucleation  of  crystallites 
that  remain  as  single  grains  for  long  growth  times,  whereas  the 
stepped  surfaces  have  large  numbers  nuclei  that  rapidly  grow  laterally. 
We  will  also  report  on  evaluations  of  continuously  grown  layers  of  the 
same  thicknesses  (no  interruption  for  AFM)  and  TEM  analysis  of 
both  types  of  samples,  [l]  J.  A.  Powell,  P.  Neudeck,  A.  Trunek,  G. 
Bchoim,  L.  Matus,  J.  R.  Hoffman,  and  Keys,  ’’Growth  of  .Step-Free 
Surfaces  on  Device-Size  (OnOl)SiC  Mesas,”  Applied  Physics  Letters, 
vol.  77,  pp.  1449-1451,  2000. 

1X:15  AM  Y3.8 

GaN  Nucleation  Layer  Evolution  On  Sapphire  During  The 
Ramp  From  Low  To  High  Temperature.  Daniel  D.  Koleske. 
Mirha»'l  K.  Colt.pin,  Kan'n  Gross,  Christine  C.  Mitchell  an<l 
Andrew  A.  Allennnn;  Org.  1  126,  Siitidia  National  Labomtories, 
Albn<|ner(jn(‘,  N<-w  M<‘xlco. 

Despite  the  progress  in  t  li**  MO(TVD  growth  of  <JaN,  ^lel.ails  on  how 
the  iiiieh'ation  layer  (NL)  <-volv<-s  during  the  ramp  from  low  l<>  high 
temperature  ('I')  is  not  entirely  understood.  In  this  presentation 
in-situ  optical  reflectance  and  AFM  measurements  of  stopped 
annealing  experiim  nts  are  used  to  study  GaN  NL  evolution.  During 
the  3’  ramp  and  amient,  tiu*  NL  morphology  cimnge.s  from  a 
cotitinuoiis  ,30  11  til  thiek  layer  compo.se<l  of  20  nm  size<l  luiclei  to  a 
discontinuous  layer  containing  nuclei  that  approach  200  nm  in  height 
and  500  nm  in  width.  Further  annealing  of  the  NL  causes  a  decrease 
in  the  size  of  these  large  nuclei.  Since  only  NH.3  and  112  are  flowing 
during  the  NL  aniioaliiig,  the  growth  of  these  large  GaN  nuclei  is 
explained  by  NL  decomposition  [l]  and  subsequent  re- incorporation  of 
the  gas  phase  Ga  atoms  onto  the  growing  nuclei.  Evidence  for  this 
mechanism  is  obtained  from  the  hcighl-hoighi  correlation  functions  [2] 
measured  from  the  AFM  images  of  the  annealed  nucleation  layers  as 
well  as  direct  measurements  of  the  GaN  NL  decomposition  kinetics 
using  optical  reflectance  [l].  From  the  AFM  images  up  to  1/3  of  the 
Ga  atoms  from  the  original  NL  are  redistributed  into  the  large  GaN 
nuclei  during  the  T  ramp,  however  once  the  original  NL  is  fully 
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t|t‘roiii|>o«»*<l,  l,li^  Inr)^**  <JuN  mirloi  undergo  decouj  posit  ion  rosnliing  in 
Nni»U''r  nih*l<*i.  Mns**.!  (»n  dftnih  of  the  <|e<*oiii)>oMiiion  kinetics  iiiul  NL 
roughening,  (its  to  the  optieni  reflectance  waveform  will  (>c  presented. 
Contributions  of  the  surface  diffusion,  bulk  diffusion,  and 
decomposition  and  re- incorporation  mechanism.s  to  GaN  NL  evolution 
will  he  di.scussed  along  with  how  annealing  conditions  influence  the 
evolution  process.  Finally,  guidance  as  to  when  the  NL  achieves 
optimal  morphology  for  further  GaN  growth  at  high  T  will  be 
presented.  This  work  is  supported  by  the  Division  of  Materials 
Sciences  and  Engineering,  Office  of  Basic  Energy  Sciences,  U.  S. 
Department  of  Energy,  Sandia  National  Laboratories  is  a 
multiprogram  laboratory  operated  by  Sandia  Corporation,  a  Lockheed 
Martin  Company,  for  the  United  States  Department  of  Energy  under 
Contract  DE-AC04-94AL85000.  [l],  D.  D.  Koleske,  et  al.,  Appl.  Phys. 
I/Ctt  82,  1170  (2003).  (2).  W.  M.  Tong  and  R.  S.  Williams,  Annu.  Rev. 
Phys.  Chem.  45,  401  (1994). 

11:30  AM  Y3.0 

ZtiO/AIGaN  hetcrojunction  light  emitting  diodes. 

Darren  M  Bagnall^  Y.  I.  Alivov*,  E.  V.  Kalinina®,  D.  C.  Look**,  B. 

M.  Ataev®,  M  V  Chukichev®,  V.  A.  Nikitenko’',  A.  E.  Cherenkov®  and 
A.  K.  Omaev^;  ^Electronics  and  Computer  Science,  Southampton 
University,  Southampton,  United  Kingdom;  ^Institute  of 
Microelectronics  Technology,  RAS,  Chernogolovka,  Russian 
Fodcration;  ®A.I‘MolTe  Physico- Technical  Institiiite,  RAS,  St. 
IVicrs!>urg,  Russian  I*V<loralion;  '‘Semiconductor  Research  Center, 
Wright  State  University,  Dayton,  Ohio;  ®Intitute  of  Physics, 

Daghestan  Scientific  Center  of  RAS,  Makhachkala,  Russian 
Federation;  ®Department  of  IMiysics,  M.V.Ix>monosov  Moscow  State 
University,  Moscow,  Rn.s.sian  F<  deralion;  ’’Moscow  Stat<-  (biiverstiy  of 
Railway  Engineering  (MirP),  Moscow,  Rit.ssian  Federation. 

We  report  on  the  growth  of  n-type  ZnO  on  p-type  AlGaN  and 
describe  the  performance  of  n-ZnO/i>-AlGaN  heterojunction  light 
emitting  diodes.  Commercial  n-t.ype  6H-SiC  wafers  are  used  as 
substrates,  as  epitaxial  GaN  buffer  layers  and  Mg  doped  p-type 
AlGaN  epitaxial  layers  of  12%  AI  content  are  grown  by  hybrid  vapor 
phase  epitaxy,  'riien,  a  doped  ti-lype  ZnO  layers  are  grown  on  the 
AlGaN  using  plasma  a.ssist»*<l  chemical  vapor  deposition.  'I'ho 
hetcroj notion  devices  wenr  fabricated  by  ma.sking  the  surface,  then 
10%  IIN03  aqueous  solution  is  u.sed  to  remove  ZnO  windows  and 
leave  regions  of  the  AKJaN  layer  exposed.  Ohmic  contacts  to  the  ZnO 
and  AlGaN  were  made  by  thermal  vacuum  deposition  of  A I  and  Ni 
respectively.  I-V  charaetoristir.s  clearly  show  rectifying  ”diode-like” 
behavior  with  a  threshold  voltage  of  3.2  V  and  lnten.se  ultraviolet 
electroluminescence  with  peak  emission  at  300  nm,  is  observed  under 
forward  bias.  The  dominant  emission  mechanism  is  found  to  result 
fr.»m  hoi.-  tnj.  elion  from  I  h>-  i*  typ.‘,  AKInN  into  He-  ii  Znt)  'I'hi.s 

w  n  lik.-ly  iMileiiiii.-  sin.*.-  em-r^y  hmul  diugrnm.H  Iniili  using  lli.- 
And'-rs.ui  mod.-l  show  a  ntii.'h  small.-r  Imrrier  for  ho|.\s  tii  eoni|>an.sou 
to  that  which  exi.sts  for  eN-et  roii.s.  'FIk*  <lepen<lenr<*  of  EL  .sp.-ri  ra  ou 
temperature  wa.s  also  measured  and  signincanl  emission  up  to  500  K 
was  observed.  The  stability  of  device  performance  at  high 
temperature  indicates  possible  applications  in  harsh  environments. 

VVith  further  development,  It  may  be  po.sslble  to  fabricate  UV  laser 
dio<|es,  with  low,  ’’exeiionje"  thresholds  an<l  higii-t<‘ntp.*rat ur>- 
cajuibilily,  by  exploiting  tin-  ili.-rmal  stability  of  tin*  ZiiO  exeilon. 

11:45  AM  Y3.10 

Eleciriral  aii<l  opticAl  characteristics  of  delta  doped  AlGaN 
clad<Iing  layer  materials  for  highly  efficient  340iim  ultra  violet 
•  LEDs,  llouping  R  Xin*,  Jeffrey  Scott  Flynn* ,  Joe  A.  Dion',  Iklward 

L.  Hutchins*,  Holder  Antunes * ,  Lara  Fieschi-Corso* ,  Rae  Van-Egas*, 
George  R.  Braudes',  Steven  LeRoeuf®,  Xi<an-An  Cao®,  Jerome 
tJarr.tl*'  luid  Larry  Ri»wl:md';  'thiN  IVodiiet.s,  A'l'MI,  D.-inbury, 

<  ieut;  “General  kileeirje  <«|ol>al  Res<*ar<’h  <Vnler,  Niskaytina, 

New  ^'o^k , 

Development  of  AIGaN-based  high  power  output  ultraviolet  (UV) 
liglit  emitting  diodes  (LED)  have  recently  attracted  renewed  interest 
dii»>  to  the  need  for  bright,  «*Hiei**iit  UV  sourees  for  hioclu'inieal 
detection  ;and  solid-state  white  lighting.  In  this  paper  we  report  on  the 
optical  and  electrical  charaeteri.stics  of  delta  doped  AlGaN  cladding 
layers  and  their  imparl  on  the  effieienry  of  340iini  UV  LfvDs.  The 
delta  doped  eiaildiiig  layers  an«l  the  multiple  <|iiantum  w.  |l  (MQ\V) 
l^V  LED.s  examined  in  this  study  were  grown  on  2-incli  c-plane 
sapphire  at  1220oC  in  an  Aixtron  200/4  MOCVD  system  using  NHa, 
TMGa,  TMAI,  Si2Hfi  and  Cp2Mg  precursors.  The  UV  LEDs  consisted 
of  II- AL- f  ta j _a-N  cladding,  an  Aln.j  Ciao.9N/AI«,.‘\Gan.7N  MQW  active 
region  and  p-AIyGai_yN  rhulding.  For  this  study,  1  /iin  thick 
n-Alo.2<lan.sN  cla<l<ling  uniformly  doped  with  Si  to  lxlo'®cm“®  were 
compared  to  delta  doped  cladding  with  3,  7  and  15  layers.  The  delta 
doped  structures  were  doped  to  1  .Oxin*®cin“®  in  layem  spare<|  20  nni 
a|.ari  by  stopping  the  |h)w  of'I  MAI  ami  'I’MCJa.  With  the  a.lditifju  tif 
tlire*;  <ldta*dop.'d  layers,  the  sheet  resistance  was  :us  low  as  I72±12 
ohm  cm”***  ,  a  factor  of  three  lower  than  the  uniformly  doped 
structure.  Increasing  the  number  of  delta  doped  layers  further  lowered 


the  sheet  resistance  of  the  n-laycT  and  re<luce<l  the  forwar<l  voltage  of 
tin*  <h*vici*H.  'rin*  d»*lta  «|op.‘d  lay.TH  alsrt  iinprov»*d  the  optical 
properties  of  the  clad<litig  layers  by  enhancing  near  ban<l  edge 
emission  as  much  as  four- fold  relative  to  deep  level  emission. 
Additionally,  delta  doping  of  the  AlGaN  layers  had  no  detrimental 
effect  on  the  optical  transparency  of  the  cladding  layers  in  the  LEDs 
with  as  high  as  8(1%  transparency  for  20%  n-AlGaN  cladding.  By 
optimizing  tin*  n-  an<l  p-AKLaN  cl.adding  layer  doping,  a  highly 
efficient  AlGaN  active  region  340nm  UV  LED  was  achieved  with 
power  output  greater  than  l.OmW  under  800m A/mm®  DC  drive 
current.  The  optical  and  electrical  charac¬ 
teristics  of  delta  doped  structures  and  devices  will  be  further  discussed. 
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1:30  PM  Y4.1 

Effects  of  growth  interruption  on  the  structural  and  optical 
properties  of  Ged^  self-assembled  quantum  dots. 

Katsuyuki  Hoshino,  Satoshi  Kako  and  Yasuhiko  Arakawa;  Research 
Center  for  Advanced  Sci#*»ce  and  'IVcIinoIogy,  an<l  In.stitule  of 
Industrial  Science,  University  of  Tokyo,  Tokyo,  Japan. 

We  report  the  effect  of  growth  interruption  on  the  formation  of  GaN 
solf-as«enibie<l  quantum  <lots  (QDs)  grown  by  metalorganic  eheniical 
vapor  deposition  (MO<*VD).  GaN  QD.s  are  expert<*<l  to  realize  highly 
efficient  UV  light  emitters,  due  to  quantum  eon(tii<*m<'nt  effect  aufl 
dislocation  free  structure.  'rh»*  photoliiminoscenco  (PL)  from  the  QDs 
showed  a  red-shift  with  increasing  the  growth  interruption  time.  This 
indicates  that  the  formation  of  the  QDs  is  proceeding  at  the  expense 
of  the  wetting  layer  (WL),  which  is  supported  by  a  blue-shift  of  the 
PL  from  the  WIv.  Tliese  results  show  that  the  growth  interruption 
plays  an  important  roh-  in  th*-  formation  of  the  QD.s.  GaN 
.seir-ass<*mbled  QDs  were  deposited  on  the  top  of  AIN  layers  grown  on 
6ll-SiC(0001)  substrate.s.  Following  the  GaN  QD  formation,  the 
growth  was  interrupted  from  0  to  10  sec  (0,  2.5,  5,  and  10  sec).  Then, 
a  20-nm-thick  AIN  capping  layer  was  deposited.  Two  I*L  peaks  were 
clearly  observed  in  each  sample  with  the  interruption  process  at  room 
temperature.  One  peak  occurs  around  4.8  eV.  This  is  considered  to  be 
due  to  the  WL.  The  other  occurs  arouttd  3.8  eV  which  originates  from 
the  QD  .structure.  For  no  interruption  time  (0  sec),  however,  a  strong 
single  PL  peak  was  observed  at  4.1  eV.  This  peak  can  be  attributed  to 
th#'  G.aN  quantum  w.-ll  signal.  Th^se  results  show  thal  th.- 
I  W{f,tlim.‘ii.sii»nnl/t iir.-f*  .{tiii.-n.'iituKit  growth  (  ransili.ui  <>i*.*ur.s 

during  Ih.-  iniiiiil  gr..vvlli  ml .*rnipi iiut  'I’lu*  PL  fri.m  llu*  WL  showed  a 
blu«--.sliirt  with  it)cr>*a.siug  tlt»*  ini >*rniption  tim»*.  This  imp)i<‘s  Hint  th<- 
Hiickue.ss  of  the  WL  <|..vreJiscs.  In  contnvst,  the  PI.  from  the  QDs 
exhibits  a  red-shift.  'I'hese  results  mean  that  the  size  of  the  QDs 
increases  at  the  expense  of  the  WL,  which  is  supported  by  AFM 
analysis  of  the  uncapped  QD  samples. 

1:45  PM  Y4^2 

Electron  Field  Emission  front  GaN  Nnitotip  Pyriuni<ls  Formed 
by  Anisotropic  Etching.  Hock  M.  Ng*,  Jonathan  Shaw®,  Aref 
Chowdluiry*  and  Nils  G.  W'eimann*;  'Bell  Labs,  Lucent  Technologies, 
Murray  Hill,  Now  Jersey;  ® Naval  Research  Laboratory,  Wa.shington, 
District  of  Columbia. 

GaN  is  of  interest  as  a  candidate  material  for  electron  field  emitters 
due  to  its  larg^  breakdown  field,  resistance  to  ra<lintion  and  low 
elf'ctrou  afliiiity.  In  gi*n**r:il.  el**cl  roii  <‘mitt«T  .Htnictures  with  sharp 
tips  are  utilized  to  tnk«‘  advantage  of  the  field  enhancement  effect.  In 
this  work,  we  formed  GaN  nanotip  pyramids  by  polarity-selective 
chemical  etching  after  a  patterned  growth  of  Ga-  and  N-polar  GaN  on 
(0001)  sapphire  using  plasma-a.ssisted  molecular  beam  epitaxy.  The 
anisotropic  etch  wa.H  achieved  by  immersing  the  satnpb-  in  a  KOH 
.solution  which  pivf*  r«  iif  ially  *-tclu*.s  tin*  N-polar  GaN  h  aving  tin* 
Ga-polar  materia!  intact.  Pyramidal  structures  with  six  {10-1-1} 
facets  were  formed  in  the  N-polar  regions.  The  density  of  the 
pyranii<ls  ran  bo  varied  boiween  2  X  10®  and  2  x  I0''*rm"®. 
depending  on  the  KOH  ronr.-nt ration,  etching  <iuration  and 
temperature.  The  tip  diameters  of  the  pyramids  were  measured  to  be 
less  than  20  nm.  Field  emission  measurements  were  performed  in  a 
vacuum  chamber  using  a  stainless  steel  rod  the  anode.  The  anode 
to  sample  distance  was  varied  between  .350  to  550  /im.  The  resulting 
current- volt  age  curves  fit  well  to  the  Fowler- Nordheirn  equation.  The 
turn-on  voltage  w;t,H  taken  to  be  the  voltage  at  which  the  total 
emission  current  was  equal  to  10  nA.  The  turn-on  field  was  estimated 
to  be  1  .G  V//nn  whirh  is,  to  tli/'  best  our  knowledge,  the  lowest 
r*-pf>rl*-d  valiu-  for  iing;it<-d  <IaN  fi**ld  »-iuitt»-rH.  'PIm*  e<»rr«*Mp<»iiiling 
field  eiihaucemenl  factor  wa.s  found  to  be  2200  ±  100  as.stiming  a  GaN 
work  function  of  3.5  eV,  Results  for  lifetime  measurements  and 
cesiated  GaN  pyramhis  will  :d.so  be  presented. 
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2:00  PM  Y4.3 

Gallium  Nitride  Nanowircs  as  Optoelectronic  Devices. 

John  Jacob  Zengel\  R  Gupta*,  K  W  Adu*,  C  P  Beetz®  and  P  C 

Bklund*** ;  *  Materials  Science  Sc  Engineerinpc,  The  Pennsylvania  State 
University,  University  Park,  Pennsylvania;  *Physics,  The 
Pennsylvania  State  University,  University  Park,  Pennsylvania; 
^NanoSciences  Corporation,  Oxford,  Connecticut. 

liong  gallium  nitride  nanowires  (dia.  's.-lOnm)  have  been  synMi<si'/ed 
by  pulsed  laser  vaporization  of  a  solid  target  of  GaN  and 
we  1 1- dispersed  Fe  catalyst  under  250Torr  NH3  gas.  The  resulting 
materials  were  chararteri7e<l  by  Raman  spectroscopy,  scanning  and 
transmission  electron  microscopy,  and  energy  dispersive  X-ray  to 
confirm  that  the  individual  nanowires  are  wurtzite  GaN  single  crystals 
with  n  fttJf)]  growl  ]i  i<ii>  and  liav^*  <Hainr*NTH  an<l  hMigths  fni  tin* 

order  of  ID  nni  and  ID  /ini,  re.siieel ivejy.  Vurionn  ti>etlii>ds  w»  re 
•  ■inpli»ye<|  to  inve«itigate  the  eir.-ei.  of  g<'onu'try  aii<l  el*‘etrt>ii 
confiiH'inent  on  the  properties  of  GaN.  Our  results  on  Raman 
spectroscopy  of  GaN  nanowires  show  that  the  Raman  bands  are 
broadened  and  <lownsliifti  <|  us  compared  to  the  bulk.  However,  the 
size  (<iiaineter)  of  the  nanowires  is  loo  large  to  cxitibit  any 
appreciable  phonon  conlineinent  effects.  We  can  understand  our 
results  in  terms  of  other  effects  such  as  compressive/tensile  stress.  We 
also  present  results  of  other  spectroscopic  measurements  such  as 
l*''r-Ill.  aiul  I IV/VIS  transmission  uful  photoemission. 

2:15  PM  Y4.4 

Infliiciicf^  of  AIN  Overgrowth  on  GaN  Nanostructures  Grown 
hy  Molecular  Beam  Epitaxy.  Noelle  Gogneau,  Bva  Monroy,  Denis 
Jalnbert,  Kirini  Sarigiannidou,  Jean  l/uc  Ronviere  and  Brniio  Daiidin; 
I)R1'M(  YSP2M/PS(  \  (•KA  -  Grenoble,  Grenoble,  hVance. 

The  use  of  nanostructures  in  devices  requires  a  precise  control  of  the 
quantity  of  iuatt**r  deposit^-rl,  an<l  of  the  quality  of  the  interfaecs.  It  is 
generally  assumed  that  the  growth  rate  of  thick  layers  is  not  directly 
applicable  in  the  nanoscale,  where  structures  are  particularly  sensitive 
to  <lecomposition,  ro-ovaporation  and  diffusion.  In  the  specific  case  of 
GaN  nanostructures  in  AIN,  the  influence  of  overgrowth  on  tlie 
prop<*rt}es  of  nniiostructures  has  not  been  addressed  so  far,  although 
it  is  a  crucial  issue  for  the  development  of  reproducible  <lovire.s.  In 
this  work,  we  demonstrate  that  capping  GaN  nanostructures  in  an 
AIN  matrix  during  Molecular  Beam  Epitaxy  growth  is  associated  with 
a  remarkable  change  in  the  dimension  of  the  nanostructures.  Hence, 
the  <»aN  qimntuin  well  tlurkne.s.s  <lerreases  during  AIN  overgrowth. 
Ilegar<ling  (JaN  <|iiant.utn  dots,  capping  implies  an  isotropic  rediiei  ion 
of  the  island  size.  'I'he  thickness/size  reduction  has  been  assessed  by 
Hutherror<l  Backscattering  Spectroscopy  (RBS)  as  a  function  of  the 
GaN  quantity.  By  combination  of  RBS,  TVansmission  Electron 
Microscopy  (TEM)  and  Reflection  High  Energy  Electron  Diffraction, 
we  demonstrate  that  the  reduction  of  the  nanostructures  occurs  at  the 
first  stage  of  AIN  overgrowth  and  it  affects  only  the  top  GaN/ AIN 
interface.  The  phenomenon  Is  attributed  to  an  exchange  mechanism 
b<*tw«'cii  Al  adatoni.s  from  the  rap  layer  and  <ta  atoms  in  th<* 
nanostructures.  1’his  proces.s  is  favotired  by  the  high  biixling  energy  of 
AIN  as  compared  to  GaN.  We  also  demonstrate  that  this  exchange  is 
thermally  activated  and  depends  on  the  strain  state  of  the 
nanostructures.  Finally,  the  Ga  from  GaN  decomposition  behaves  as  a 
surfactant  for  AIN,  and  desorbs  rapidly  during  the  capping  procedure. 
As  a  result,  the  interface  between  the  GaN  nanostructures  and  the 
AIN  capping  layer  is  abrupt,  with  an  interdiffusion  lower  than  one 
atomic  layer,  as  measured  from  cross-section  TEM  images. 

2:30  PM  Y4.5 

Intorsuhbaiid  Absorptions  in  Doped  and  Undoped  GaN /AIN 
Quantum  Wells  Grown  on  Sax>phirc(0OOl),  6H-SiC  or 
Si]icon(lll)  Substrates.  Ana  Helman*,  Maria  Tchernycheva* , 

Alain  Lusson\  Francois  Julien^.  Khalid  Moumanis^,  Elias  Warde*, 

Eva  Monrov*.  Bruno  Daudin*,  Daniel  Le  Si  Dang*  and  Nicolas 
Grandjean^;  *  Action  OptoGaN,  Institut  d’Electronique 
Fondamentale,  UMR8G22  CNRS,  Universite  Paris-Sud,  Orsay,  FVance; 
“CEA/CNRS  Re.search  Group  ’’Nanophysique  et  Semiconducteurs”, 
DRFMr/SPMM.  CF/A /Grenoble,  Grenoble,  France;  ^CRHRA,  UPU 
ID  f^NRS,  Valboiine,  Franc-. 

Group  HI  nitride  heterostructures  are  triggering  new  interests  because 
their  huge  conduction-band  offset  offers  prospects  for  ultra-fast 
intersubband  devices  operating  at  fiber-optics  telecommunication 
wavelengths.  In  recent  works,  room- temperature  intersubband 
absorptions  in  the  wavelength  range  of  1.1-4. 5  nm  as  well  as 
extremely  short  intersubband  scattering  times  have  been  reported  for 
n-doped  GaN/Al(Ga)N  quaiittim  wells  grown  on  sapphire  substrate 
using  molecular  beam  epitaxy.  In  this  talk,  we  report  on  the  first 
detailed  analysis  of  intersubband  absorptions  (ISB)  in 
non-intentionally-dopcd  and  doped  CaN/AlN  quantum  wells  grown  by 
molecular  beam  epitaxy  either  on  sapphire(OOOl),  6H-SiC  or 
silicon(lll}  substrates.  The  samples  have  been  characterized  by  X-ray 


•  liMVh<'i  toil,  Ruili'-rforil  l.ti.-k  .i-'iD  I  •-ring  ( RBS)  mid  higli  r«‘Molul  itiii 
Iransmi.ssion  electron  microscopy  {'I'KM)  as  well  as  photoluminescetico 
(PL)  and  Fourier  transform  infrared  (FTIR)  spectroscopy.  We  first 
illustrate  the  results  for  n.i.d.  GaN- wells  with  strained  AIN  barriers 
grown  on  sapphire  substrate.  Room- temperature  photo-induced 
absorption  spectroscopy  under  irradiation  by  a  305  nm  argon  laser 
reveals  ISB  absorptions  respectively  peaked  at  2.1,  1.85  and  1.45  /zm 
for  samples  with  an  average  well  thickness  of  1.86,  1.26  and  0.7  nm,  as 
deduced  from  RBS.  Besides  a  larger  broadening,  similar  results  are 
obtaino<l  for  samples  grown  on  fill-SiC  or  silicon  substrate*?.  Based  on 
TEM  and  calculations,  we  show  that  strong  electron  localization 
occurs  in  the  layer  plane  at  room  temperature  due  to  tlie  combined 
effect  of  monolay#’r  (ML)  ihickne.Hs  fiiicluations  and  the  huge  internal 
field.  More  precisely,  the  thickness  must  be  increased  from  the  average 
value  by  2  ML  to  account  for  the  observed  PL  and  ISB  transition 
ener^i/*«,  .Simil.ar  saiiipl«*s  with  GaN  wells  doped  with  silieoti  n1  2x10*'* 

‘  «ht»w  till  iiiei*  njM-.|  <Jt»N  growth  rale  wtih  n.i  >1 

.saiiiple.s  'The  ISB  absorptioii  i.s  peaked  at  1.85,  1.7  uii<{  I  *15  /on  for 
doped  wcll.s  with  an  average  thickiu\s.s  of  2.1,  1.35  and  nm, 
respectively.  With  respect  to  n.i.d.  samples,  both  the  increased 
thickne.ss  and  the  smaller  internal  field  duo  to  carrier  .screening  should 
lead  to  a  rerl-shift  of  th*-  ISB  transition  energy,  which  is  opposite  to 
observations.  In  order  to  utxicrstand  the  blue-shift  of  the  transitions 
with  doping,  we  have  simulated  the  electron  confinement  in  the 
quantum  wells  using  an  effective  mass  approach  accounting  for  the 
screeiu'd  interiinl  fields,  tla-  <JaN  con<liiclion-band  non-paraboliejiy 
an<l  many-body  eir»-et.s  ,sueh  as  the  fx<’hange  tuteraetjon  and  tli«* 
<U-poIarizal.ion  shift.  Ftjr  n,i.<l,  c|uantum  wells,  an  «'xcelh-nt  agreenu-nt 
with  measurements  is  obtained  assuming  a  GaN/ A  IN  conduction  band 
discontinuity  of  1.78  eV  and  a  polarization  discontinuity  of  AP/e  =  8 
MV/cm.  For  2x10*®  cm*"^  doped  quantum  wells,  the  exchange 
interaction  i.s  the  <lotninani  contribution  explaining  the  120  nieV 
blue-shift  and  a  good  agreement  with  measurements  is  also  obtained. 

2:45  PM  YiUP 

IILNitride  Photonic  Cry.Htiils  for  Blue  and  UV  Emitters* 

Tom  N  Oder,  Jagat  Shakya,  Jingyu  Lin  and  Hongxing  Jiang;  Physics, 
Kansas  State  University,  Manhattan,  Kansas. 

Pljotonic  crystals  (P(’s)  have  attracted  much  interest  as  a  means  of 
enhancing  light  extraction  efficiency  in  light  emitting  diodes  (LEDs). 

A  majority  of  the  reports  on  enhancement  in  light  extraction  using 
PCs  have  been  on  wavelength  regions  exceeding  700  nm  and 
employing  relatively  large  lattice  periodicity  in  the  PCs.  Blue  and 
ultravioh't  (UV)  I/EDs  based  on  Hl-iiitride  .semicoinlnctors  are  crucial 
for  many  applications  ImiI  i>r<*.s«  iitly  liavr  very  low  <|uantuin  elficicru'y 
particularly  for  UV  LEDs,  'rhe  need  for  the  improvement  of 
extraction  efficiency  in  these  LEDs  is  exceptionally  great.  We  report 
the  achievement  in  nanofabrication  and  characterization  of  triangular 
lattice  array  of  PCs  with  diameter/periodicity  as  small  as  100/180  nm 
on  InGaN/GaN  multiple  quantum  well  using  electron  beam 
lithography  and  inductively-coupled- plasma  dry  etching.  Optical 
measurements  on  the  PCs  performed  using  near-field  scanning  optical 
microscopy  showed  a  60  degree  periodic  variation  wit  li  the  angle 
between  the  propagation  direction  of  emi.ssioti  light  and  the  P< -s 
lattice.  Under  optical  pumping,  a  maximum  enhancement  factor  of  20 
was  obtained  for  emission  light  intensity  at  wavelength  as  short  as  475 
nm  at  room  temperature  with  emission  light  parallel  to  the  F-K 
direction  of  the  PCs  lattice.  The  PCs  array  was  subsequently 
fabricated  on  blue  and  UV  nitride  LEDs  of  wavelength  460  nm  and 
340  nm  respectively,  and  electrically  characterized.  Light  intensity  was 
measured  from  the  top  surface  of  unpackaged  LED  chips  under  current 
injection  using  charge  coupled  device  (CCD)  camera  and  enhancement 
factor  of  90%  -  150%  was  observed.  Implications  of  our  results  to 
nitride-based  optical  devices,  particularly  for  further  improving  LED 
efficiency  both  for  blue/ green  as  well  as  UV  emitters  are  discussed. 

3:30  PM  *Y4.7 

Structural  and  Optical  Properties  of  GaN  Quantum  Dots* 
Bruno  Daudin.  Noelle  Gogneau,  Christoph  Adelmann,  Eirini 
Sarigiannidou,  Eva  Monroy,  Frederic  Fossard  and  Jean- Luc  Rouviere; 
DRFMC,  cea-grenoble,  Grenoble,  France. 

One  peculiarity  of  GaN/AlN  heterostructures  is  the  possibility  to 
control  thoir  morphology  by  varying  the  metal/nitrogen  ratio  value. 

As  the  growth  mode  is  directly  related  with  the  strain  relaxation 
mechanism  of  nitride  heterostructures,  a  simple  tuning  of  growth 
parameters  enables  to  grow  either  quantum  wells  (QWs)  or  quantum 
dots  (QDs),  depending  on  the  desired  application.  The 
Stranski-Krastanow  (SK)  growth  mode  is  observed  when  depositing 
GaN  on  AIN  in  N-rich  conditions.  AFM,  photoluminescence,  and 
TEM  characterization  of  dots  grown  according  to  this  growth  mode 
will  bo  prcsen1<*<l.  'riie  ino<-lifl«*<t  Stratt.Hki-Krastanow  growth  mode 
takes  advantage  of  the  self-surfactant  effect  of  Ga  observed  wlien 
growing  GaN  in  very  G a- rich  conditions.  Then,  formation  of  a  Ga 
bi layer  on  the  growing  GaN  surface  leads  to  promote  FVdM  growth 
mode  while  inhibiting  SK  mode.  However,  interrupting  growth  under 
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vn''iiiiin  l<*n#U  lo  <lf'.stirpl ion  «>r  llio  <la  flint,  followcfl  hy  n 
If*  hriittt|i,rnirMt(  itl’  III**  *.*|)  tiilo  ill)  inlnthln  A 

rniplinnin  will  hr  |»iii  on  Ih*'  Ki‘»wt.h  of  (InN  C^Dn  wit  h  a  N 
polarity. which  Imw  hcon  grown  on  N-polnr  AIN  dopositod  on  C.-polar 
(ODD- 1  )Sit 'rin*  <*r>iitiir**«?<jv»*  nl  riiin  *‘Xp*'ri«*n**«Ml  hy  (JaN  iui*l, 
conM**<|it*‘ni ly,  lli**  «l«»ri*d  ••Iswii**  ♦•ii».*rgy  is  cxp**cl.cd  l.o  l»**  rxuflly  l.h«* 
same  as  in  G a- polar  geometry.  By  contract  both  kinetics  and  surface 
energy  are  a  priori  difTcrent,  offering  the  possibility  to  investigate 
further  the  role  of  such  parameters  in  the  2D/3D  transition.  Both  size 
and  den.sity  of  GaN  islands  have  been  compared,  depending  on  the 
growth  inode,  i.e.  SK  or  modified  SK  and  depending  on  polarity  i.e. 
Ga  or  N.  The  results  suggest  titat  the  adatom  diffusion  length  is  a  key 
parameter  governing  the  formation  of  GaN  QDs.  Accordingly,  it  will 
be  shown  that  QDs  density  can  be  controlled  in  the  10  1*0  “cm 

®range,  depending  on  the  growth /surface  diffusion  conditions. 

4:00  PM  Y4.8 

Optimization  of  GaN/AlGaN  Quantum  Wells  for  Ultraviolet 
Emitters.  Andreas  Hangleiter,  Marco  Greve,  Daniel  Puhrmann  and 
Dwe  Uossow;  Institute  of 'IVchnical  Physics,  Technical  llnlv<*rsity  of 
Braunschweig,  Braunschweig,  Germany. 

l/ight  **misHion  by  <«ahiN’'l>ns*'f|  Iw'toro.sl  nictiin'.s  op*Tntitig  in  tin* 
gr»-*‘ii,  bill*',  and  vioh't  spfftrnl  region  is  known  to  b<*  .siirpri.singly 
efficient,  while  so  far  shorter  wavelength  GaN-  or  AIGaN-based 
structures  suffer  from  low  quantum  efficiency  due  to  non  radiative 
recoin  hi  11  at  ion  at  def.'cts,  Wo  have  grown  GaN/AlGaN  quantum  well 
structures  on  .sapphire  siibtratcs  using  low-pressure  MOVl’K.  After  a 
low-temperature  nucleation  layer  a  1  micron  thick  AIGaN  buffer  layer 
(about  25  %  Al)  was  grown,  followed  by  a  single  or  multiple  GaN 
quantum  well  and  an  AIGaN  cap  layer.  The  emis.sion  wavelength  of 
the  QW’.s  was  varied  in  the  3211-360  nm  range  by  adjusting  the  QW 
wi*|fli  I'Vimi  111*-  *lMtM  w*'  *'.Hliinale  t!»e  pniari*/..'vtton  fb-M  to  abotil  I 
MV/**in  Using  l♦•tnp••l•:ltMr••  •l♦•|>*•n•l*•nt  r**n<inuiitwx<'itrtt ion 
phot oluminesconce  im*a.suromeiits  we  have  determined  the  internal 
quanttim  efficiency  (IQF#)  and  analyzed  its  temperature  dependence 
ninl  eoinpnred  tin*  r*'.snlts  t.>  GnInN/GaN  QW's.  For  tin*  <IaN/ AIGaN 
QW's  we  ht'liieve  h  re»m* iiinl '!*'  IQI'I  of  in  rxcenn  of  5  %  only  nt  fairly 
high  excitation  p4)W*'r.  whil**  GaInN/<<aN  QW’s  provi<fe  IQI'/h  of  up 
to  -16  %  at  rather  low  power  density,  indicating  a  much  stroMg*T  role 
of  defects  for  the  former.  While  thennal  activation  energi*'.s  are 
dominated  by  intrinsic  mechanisms  for  GaInN/GaN  QW’s,  low 
activation  barriers  evident  from  the  GaN/AlGaN  data  also  hint  at  a 
more  import  role*  of  d*.Tects. 

4:15  PM  Y4.p 

IiiN  Nanostructuros:  Strain  and  Morphology.  Claire  Pinqnier*  , 
Francois  Denmngeot  * ,  J<*an  hVandon',  Michel  Caninont\  Olivier 

Bhol**’.  Ib-nedicte  Mah'yr*'*'^,  Sandrn  ('Inr-IInfbMiacli^  nn*l  Ib'rnard 
Gil*;  '  bnbornloir*' •!**  PhyHt*)n**  <l**.«i  Siili*le.H  UMB  5177,  1 1nlv*r;«il  e 
I’lnil  SnbnIirT  IHSAM<‘  ('NltS,  TiMihnis**,  I'Vance;  ‘^Grtiiipe  Klu*l«'s 
Seiincotnlin'Ieur.H  UMIt  5651),  Ibiiversite  Montpellier  II  t-NIlS, 
Montpellier,  1‘Vnnor. 

W'e  present  an  experimental  work  of  wurtzite  InN  nanostructures 
grown  on  a  GaN  layer  deposited  on  sapphire  (0001)  by  Metal  Organic 
Vapor  Plia.se  Kpitaxy.  InN  quanttim  dots  of  controlled  sizes  have  been 
fabricated  by  using  specific  growth  conditions  and  taking  advantage  of 
self-organization  tlial  results  from  the  throe  dimensional 
St  I'Uhsk  i-K  rust  uiKiv  gri>wlh  iium|»-  (formation  <li.sloent«-d  islaml.s  on 
the  snrfare).  'Phe  latter  lak**s  phu'e  afi.*‘r  a  transition  from  a  21) 
growth  mo<b*  as  a  r**suli  of  .strain  relaxation  in  the  film,  promoted  by 
the  lattice  mismatch  (10^-)  between  InN  and  GaN.  For  large  InN 
dots,  material  quality  assessment  has  been  achieved  by  X-Ray 
diffraction.  Then  dots  of  nanometric  size  as  small  as  25  nm  in 
diameter  have  been  fabricated,  together  with  2D  layers.  Islands  larger 
than  300  nm  have  been  characterized  by  using  both  atomic  force 
microscopy  (AFM)  and  micro- Raman  spectroscopy.  AFM 
measnroments  revealed  that  the  current  shape  of  the  dots  correspond 
to  truncated  hexagons  witli  a  top  surface  diameter  over  base  surface 
diam*‘tcr  (d)  ratio  of  the  order  of  0.5.  The  ratio  between  the  dot 
height  (h)  and  d  range  from  0.07  to  O.'l,  which  corresponds  to  rather 
flat  nanoj^tructures.  The  in-plane  residual  strain  field  have  been 
evaluated  by  measuring  the  E3  phonon  frequency  shift  in  the 
micro- Raman  spCctra  recorded  from  place  to  place  across  the  dots. 

< 'areful  analysis  of  these  date  makes  clear  that  the  dot  aspect  (e.g. 
the  h/d  ratio)  is  not  a  key  parameter  in  determining  the  strain 
magnitude  inside  but  rather  the  height  of  the  dot,  al  least  for  the  dots 
of  diameter  higher  than  0.3  /im.  This  is  not  surprising  keeping  in 
mind  that  the  dot  shape  is  invariant  as  a  function  the  size,  revealing  a 
linni  stag<‘  of  ishitul  fonmiiion.  Nevertbele.ss,  tin*  dislocat  ion  d*-nsi(.y  is 
believed  to  dcci‘ea.se  as  fiinction  of  the  do!  tliickness  in  the  z  direct  ion, 
leading  to  various  degrees  of  relaxation  of  the  strain,  as  probed  by  the 
micro- Raman  investigation.  This  conclusion  is  also  reinforced  by  the 
increased  strain  measured  in  the  facets  of  the  dots  in  respect  with  its 
value  in  the  dot  centre.  Finally,  we  gave  evidence  for  the  strain 
increase  by  capping  the  dots  with  a  thin  GaN  top  surface  layer 


deposited  nt  IV  raf  ln*r  low  l••nl|•t•ra^n^e,  for  prevenling  the  therninl 
•  Irgrinihl  i•»n  of  I  In-  iiint'  rlying  InN  islhinU 

4:30  PM  Y4.10 

Inttornl  Pln»ti>rni*reiit  Spe<*tr<w<*«>i>y  nm!  P1ioto]iiiititi<*smico 
IiivoMtigntioii  Ilf  ilin  Kir<Mri?«  vif  l>isi»r<l<*r  <»ii  the  Kxeitoiiii* 
Ti'aiisitions  in  AlGnN/GaN  Quantum  Wells.  Ian  Frid*.  Christos 
Thomidis®,  Yuri  Fedyunin'  and  Theodore  D  Moustakas®;  ^Physics, 
Boston  University,  Boston,  Massachusetts;  “Elecrical  and  Computer 
Engineering,  Boston  University,  Boston,  Massachusetts. 

We  report  on  the  use  of  lateral  photocurrent  (LPC)  spectroscopy  as  a 
simple  and  sensitive  method  to  investigate  the  excitonic  transitions  in 
Ill-nitride  quantum  wells.  The  technique  is  demonstrated  on  a  15 
period  Alo.aGao.sN/GaN  multiple  quantum  well  (MQW)  structure 
grown  hornoepitaxinlly  by  plasma- assisted  molecular  Ix-am  epitaxy  on 
a  A  pttn  thick  (0001)  IIVPE  GaN  template.  The  LPC  spectra  were 
taken  from  9  to  300  K  and  compared  with  photoluminescence  (PL) 
spectra  taken  over  the  same  temperature  range.  The  nominally 
luxlopod  MQW  structur**  was  grown  in  the  gron|/-IM  rirli  reginx* 
without  growth  interruption.  The  well  and  barrier  widths  were 
estimated  from  X-ray  diffraction  measurements  to  be  A  and  K> 
monol.ay<*rs  (Mbs)  l.hiek  r*'Sp*’<*t.ively.  Kudiinentary  olimie  ronta«*ts  for 
the  LP<  ■  iiieaHnn-ments  were  formed  l>y  cleposting  In  into  two  <l<‘<'ply 
scribed  lines,  resulting  in  electrical  contact  to  both  the  MQWs  and 
the  bulk  GaN  template.  An  external  electric  field  of  only  3  V/cm  is 
used  to  rollert  tlx'  photorurrent,  whidi  ensures  that  the  eleet.ronic 
properlX'.H  of  tin*  system  ar*.*  es-Hentjally  unperturbed.  Strong  exeitonir 
absorption  peaks  were  observed  in  the  LPC  measurements  up  to  room 
temperature  in  both  tlie  bulk  GaN  layer  and  the  MQW  structure, 
indicating  that  the  material  is  of  good  quality.  We  find  that  the  PL 
peak  in  the  MQWs  is  Stokes-shifted  with  respect  to  the  LP<-  peak, 
whi**h  w*-  aMribiil**  to  r'*^‘oinbiiialioii  of  <*xeit.ons  frr>tn  dlsr>r*l'*r-ln'birv'^l 
<*x*'it«»ni**  baud  tail  stal*-.s  in  I  h*-  MQWs,  r<*.Hull.ing  priniurily  from 
well/barrier  interface  roughness  fluctuations.  The  temperature 
dependence  of  the  Stokes  shift  indicates  that  above  100  K  the  excitons 
involv»'d  in  tli**  PL  nr**  in  tli**nnal  erpiilibriiim  with  ih*-  lnttie»*  prior  to 
r*‘**ombintng.  Al  l•*w  l.*'nip»'rahir**  the  data  suggests  n  noti-l  lierninl 
exciton  distribution,  which  w<*  al.l  ribnte  to  oxciton  trapping  in  local 
potential  nnniina.  An  analysis  of  the  PL  integrated  intensity  versus 
temporalnn-  r**veals  that  tlie  <‘Xciton  localization  energy  in  tlx*  MQWs 
is  33  ±  fi  meV.  'I'lxoretical  modeling  shows  that  this  corresponds  to 
fluctuations  in  the  well  width  of  0.7  ±  0.2  ML.  The  magnitude  of  the 
LPC  peak  due  to  the  excitonic  transitions  in  the  MQWs  exhibits  a 
non-monotonic  variation  with  temperature,  and  below  approximately 
30  K  the  excitonic  peak  is  not  discernable.  We  develop  an  empirical 
model  to  exphiin  this  b»*havior  based  on  the  temperature  variation  of 
the  low-fiel<l  mechanisms  of  exciton  dissociation  an<l  free  carrier 
mobility. 

4:45  I*M  Y  l.l  I 

Optienl  hikI  Nmio-Striictiires  of  luGnN  Piliii.s  with  Average 
Iiidiuiii  ConteiitH  Higher  Than  30%.  Sl>ih-Wei  Feng\  Ivn-Cbiang 
Lin^,  Tsung-Yi  Tang*,  Yung-Chen  Cheng*,  Hsiang-Chen  Wang*,  C. 

C.  Yang*’®,  Kung-Jen  Ma®,  Ching-Hsing  Shen^,  L.  C.  Chen'*,  K.  H. 
Kim®,  J.  Y.  Lin”  and  II.  X.  .liang”;  *Inst.  Electro-Optical  F/Ug., 
National  Taiwan  University,  Taipei,  Taiwan;  ®lnst.  Electronics  Eng., 
National  Taiwan  University,  Taipei,  Taiwan;  ^Department  of 
Mccliani*-al  Eng.,  Chung  llna  University,  Hsinchn,  Taiwan;  “^Center 
for  <  ^>iii|**ns*-»l  M:%n*-r  .S*-l*-ix***s,  National  Taiwan  Univ**r.sity,  ’rai|M-i, 
Taiwan;  ”l>«.*|ii.  of  l*hy.si**M,  KanstLS  State  flnivei-sity,  Manhattan, 
Kansas. 

Because  of  the  large  lattice  mismatch  between  InN  and  GaN,  leading 
to  the  low  miscibility  between  them,  indium  aggregation  and  phase 
separation  usually  occur  in  InGaN  through  the  process  of  spinodal 
decomposition.  Such  a  process  results  in  indium  composition 
fluctuation  and  the  formation  of  InGaN  or  InN  clusters  of  quantum 
dot  nature.  With  such  clusters,  carriers  are  localized  in  potential 
minima  for  effective  radiative  recombination.  Typically,  the  process  of 
hence  the  effect  of  carrier  localization  become 
stronger  with  increasing  average  indium  content.  In  this  paper,  we 
compared  the  optical  and  materia!  properties  of  two  MOCVD-grown 
InGaN  thin  films  with  average  indium  contents  about  30  %  and  40  %, 
respectively,  between  the  as-grown  and  post-growth  thermally 
annealed  conditions.  In  the  as-grown  condition,  the  30  (40)  %  sample 
emits  yellow  (red)  photolurnincscence  (PL).  The  major  part  of  PL 
spectrum  of  the  30  %  sample  was  shifted  from  the  original  yellow 
band  into  the  blue  range  upon  thermal  annealing. 
Cathodo-lumine.sc/*nce  spectra  of  this  sample  showed  that  the  spectral 
shift  orrnrr*-d  **ss*  ntial!y  in  n  shallow  lay<  r  of  tlx*  InGaN  film,  'fix* 
deeper  layer  in  the  a.s-grown  sample  contributed  bine  emission  because 
it  had  been  thermally  annealed  during  the  growth  of  the  shallow 
layer.  Tlie  spectral  change  was  attributed  to  the  reduction  of  cluster 
size  and  possibly  the  relaxation  of  quantum-confined  Stark  effect 
upon  thermal  annealing.  The  attribution  was  supported  by  the 
observations  in  the  CL,  x-ray  diffraction  and  high-resolution 


622 


transmission  electron  microscopy  results.  In  the  40  %  sample,  upon 
thermal  annealing  the  red  spectrum  was  broadened  to  cover  almost 
the  visit  range  such  that  it  appears  white  in  emission.  Although 
bnsirally  spinodn)  d#*^omposition  also  ocrnrs,  the  nano-structnre  vari- 
til  ion  fpf  thirl  shiiiph*  tivnniil  luiiuhliiig  in  rontpli^'nl^d 
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Structural  and  Electrical  Characterization  of  Defects  in  GaN 
after  Erbium  and  Europium  implantation,  Mohammed  Mamor^. 
Andre  Vantomme*  and  Pierre  Ruterana*;  ‘Physics  Department 
(IKS),  University  of  Leuven  (KULeuven),  Heverlee  (Leuven),  Belgium; 
^Laborat’oire  d  Etudes  et  de  Recherches  sur  les  Materiaux, 
CNRS.ISMRA,  Caen,  FVance. 

Ilecontly  ^aro  earth  (RE)  <lopcd  semiconductors  have  been  of 
considerable  interest  for  potential  applications  in  optoelectronics. 
Electroluipinescence  devices  based  on  Er  doped  Si  and  GaAs  were 
reported,  however  their  efficiency  was  too  low  for  practical 
application.  Tlicrcforo  doping  RE  ions  into  wide  band  gap 
semiconductors  such  as  CaN  is  a  promising  approach  to  overcome  the 
thermal  quenching  of  RE  photoluminescence.  This  combination  of  RE 
as  dopant  atoms  incorporated  into  GaN  results  in  room  temperature 
emission  of  visible  light  in  the  red  (Eu),  green  (Er)  as  well  as  b(eu 
('I'm).  As  with  other  semiconductors,  ion  implantation  is  a  crucial 
technique  for  doping  GaN.  This  technique  is  very  suitable  for 
selectively  introducing  impurity  atoms,  with  a  precise  control  of  the 
concentration  and  depth  profile.  However,  due  to  the  nuclear  collisions 
occurring  during  ion  implantation,  defects  are  created  during  the 
process.  Wo  have  u.sed  electrical  measurements  (DLTS)  complemented 
by  higli-resolution  x-ray  diffraction,  Rutherford  barkscattering 
spectroscopy  and  tran.smission  electron  microscopy  measurements  for 
assc.ssment  of  the  defects  introduced  in  GaN  during  80  keV  erbium 
and  europium  ion  implantation.  We  have  used  a  variety  of  fluences, 
implantation  temperatures  as  well  as  geometries  (random  and 
channelled  implantation).  Microstructural  analysis  shows  that  the  two 
ion  implantation  geometries  exhibit  a  similar  defects  but  with  a 
significantly  lower  concentration  in  the  case  of  channelled 
implantation,  revealed  by  Rutherford  backseat  ten  ng  and  channeling 
spectrometry.  The  damage  induced  by  RE  implantation  produces  a 
perpendicular  expansion  of  the  GaN  lattice,  as  evidenced  by  high 
r»*sohftion  X-ray  ^liffraction.  I'Vom  DL'I'S,  two  prominent  <|ef<*<*ts  with 
eiuTgy  h'Vels  Ixdow  the  ci»idiu*tion  band  were  intro<lnce«|  <hiriiig  Eu 
implantation.  Moreover,  one  a<l<iitional  electron  trap,  lOiil  (ICc  -  n.3<) 
eV)  thusfar  not  observed  after  implantation  was  introduced  after 
europium  implantation.  This  defect  is  clearly  seen  in  the  random 
layer,  but  extreiiK-ly  weak  in  the  channeled  implanted  specimen  and  is 
l>olievo<l  to  be  europium  related  defect.  Results  of  the  defect  evolution 
after  implantation  and  after  annealing  will  be  compared  as  well. 
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Electron  Micro- Probe  Analysis  ajidl  cathocloliixnincsccncc 
spectroscopy  of  rare  earth  -  implanted  GaN, 

Stephane  Dalmasso*,  Rob  William  Martin Paul  Roger  Ed  wards 
Viatcheslav  Katchkanov* ,  Kevin  Peter  O’Donnell* ,  Katharina 
Ixjrenz®,  Eduardo  Alves^,  Ulrich  Wahl®,  Bert  Pipeleers®,  Vasco 
Matias'"*,  Andre  Vantomme®,  Yasuo  Nakanishi**,  Akira  Yoshida**  and 
RENiBel  Network*;  *  Physics,  l.Inivcrsity  of  Strathclyde,  Glasgow, 
United  Kingdom;  ®Fisica,  Instituto  Tecnologico  e  Nuclear,  Sacavem, 
Portugal;  ‘"'Katholiek^-  Universiteit  I^euven,  Leuven,  Belgium; 

^Electrical  and  Elect ronic  Engineering,  Toyohashi  llniversity  of 
'IV'chnology,  'I'oyohashi,  Japan. 

GaN  films  doped  with  rare-earth  (RE)  elements  have  attracted 
considerable  attention  due  to  the  unique  optical  luminescent 
properties  of  intra  '1f(n)-.she!l  electron  transitions  which  lead  to  sharp 
blue('rm),  greon(Er)  and  red(Eu)  emissions  .  The  UENiRlCl  (Rar<* 
Earth  <lopecl  Nitrules  for  high  Brightness  Electroluminescent  devices) 
European  research  training  network  reports  measurements  obtained 
on  RE- implanted  GaN  grown  by  MOCVD  on  sapphire  substrates.  A 
wi«h*  range  of  imphmtatioii  coiulitions,  for  example  variations  in 
fluences,  energies  an<l  temperatures  has  been  iise<l  for  the  ditfenuit 
ions  implantations.  Experiments  are  performed  using  an  electron 
probe  micro-analyser  modified  to  allow  cathodoluminescenre  (CL) 
spectral  mapping.  Photolumincsccncc  spectro.scopy  of  the  same 
sample  set  allows  us  to  compare  two  different  mechanisms  of 
excitation.  We  correlate  elemental  microanalysis  data  obtained  by 
wavelength  dispersive  X-ray  analysis  (WDX)  with  simultaneously 
collected  room  temperature  CL  spectra.  WDX  allows  the 
quantification  of  the  RE  elemental  concentrations  in  GaN  <lown  to  1 
%  by  weight  in  layers  h‘ss  than  100  nm  deep.  Furthermore,  by  varying 


the  incident  electron  beam  energy,  details  concerning  the  depth  profile 
of  RE  can  be  determined.  The  effects  of  both  implantation  conditions 
and  rapid  thermal  annealing  at  high  temperature  on  the  depth  profile 
and  on  the  Iiimiiic.scence  prop'^riics  are  reported.  CL  mcjisiircments 

(*n  Nmitph'.n  l■^‘V«•t^l  tiu*  >ihnrp  vi.nil*!**  «-minrut>n  liiu's 

uiid  111*-  n*-Mr  IK  liifji  iln*-  t,.  HI-'/*  tiiiru  -ir(ii)  itl.iuin*- I  mii.s. 
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Density  functional  calculations  of  the  electronic  properties  of 
rare  earth  impurities  in  GaN,  GaAs  and  AIN.  Jean-Sebastien 
Filhol* ,  Robert  Jones* ,  Den  Hourahine®.  Coutinho  Jose*,  Patrick 
Briddon®  and  Mike  Shaw**-  *  School  of  Physics,  Exeter  University, 
Exeter,  United  Kingdom;  ®Theoretische  Physik,  Universitat 
Paderborn,  Paderborn,  Germany;  ^School  of  Natural  Sciences, 
University  of  Newcastle  upon  Tyne,  Newcastle  upon  Tyne,  United 
Kingdom. 

Recently,  rare-earth  (R.E.)  dopants  in  semiconductors  have  attracted 
great  attention  because  of  their  intense  photoluminescence  and 
electroluminescence  which  operates  to  room  temperatures  and  above. 
Not  only  can  Er  doped  materials  display  infra-red  luminescence  close 
to  the  minimum  loss  wavelength  region  of  silica- based  optical  fibers, 
but  also  green  visible  emission.  Eu  and  I'm  can  emit  respectively  red 
and  blue  light  that  is  of  technological  interest.  However,  there  are 
uncertainties  about  the  defects  responsible  for  the  luminescence.  We 
report  here  density  functional  calculations  of  the  structure  and,  for 
the  first  time,  electrical  properties  of  rare  earth  impurities  in  GaN, 
GaAs  and  AIN.  We  find  that  these  defects  favor  metallic 
substitutional  sites  and  interaction  with  close-by  oxygen  impurities, 
although  not  so  strong  as  in  Si,  can  be  important  as  in  GaAs.  We  find 
that  concentrations  of  RE  impurities  around  1%  cause  only  minor 
changes  to  the  band  structure  of  the  host,  which  remains 
semiconducting  but  strongly  contrasts  with  the  rare-earth  nitride  bulk 
materials  which  are  metallic  or  semi-metallic.  Oxygen  however,  causes 
major  changes  to  the  electronic  spectrum. 

YG.4 

High  toinporatiiro  iiiiplHiitation  of  Tm  into  GaN . 

Katharina  Lorenz* .  S.  Dalmasso®,  U.  Wahl*,  E.  Alves*,  R.  W. 

Martin®  and  K.  P.  O’Donnell®;  *Dep.  Fisica,  Instituto  Tecnologico  e 
Nuclear,  Sacavem,  Portugal;  ®Dep.  of  Physics,  University  of 
Strathclyde,  Glasgow,  United  Kingdom. 

'rhulium  ions  were  implanted  into  MOCVD  grown  GaN  films  with  a 
fluence  of  5-10*^at/cm®  at  temperatures  between  20  and  500® C.  The 
lattice  damage  introduced  by  the  implantation  and  the  effect  of 
post-implant  annealing  were  investigated  with  Rutherford 
l>arksrattering  speciroinctry  in  tlu*  channeling  mode  (RRS/C). 
Wli»-r<-:is  for  R'l*  implantation  i.h,-  implant<>d  layer  ha.H  bf,-oim* 
<*omplet<*ly  aniorphoits,  high  U-mperature  implantation  hns  inhil.vited 
amorpliisation.  For  temperatures  higher  than  300®C  the  RBS/C 
results  clearly  show  two  different  damage  regions  -  one  at  the  surface 
and  the  second  deeper  in  the  crystal  coinciding  with  the  Tm  depth 
profile.  'Phe  intensity  of  the  surface  damage  peak  as  well  as  that  of  the 
deeper  darpage  region  decrease  with  increasing  implantation 
temperature.  For  temperatures  above  300®C  the  Tm  profile  as  well  as 
the  damage  peak  roach  <looper  into  the  crystal.  This  can  be  c<)urso<l 
either  by  a  difl'nsion  of  dofocts  and  implanted  species  during  the 
implantation  and  the  dynamic  annealing  process  or  by  an  enhanced 
channeling  effect  due  to  the  suppression  of  amorphisation.  For  the 
samples  that  were  not  completely  amorphous  a  large  part  of  the  Tm 
atoms  were  found  to  be  incorporated  in  Ga-sites.  The  optical 
properties  of  the  ion  implanted  GaN  films  have  been  studied  by  room 
temperature  cathodoluminescence  measurements.  Directly  following 
the  implantation  no  Tm-related  luminescence  was  observed. 

Subsequent  annealing  of  the  samples  achieved  optical  activation, 
revealing  well-defined  emission  due  to  intra-4f-shell  transitions  of  the 
ions  in  thf-  bine  spectral  range  at  477  nm  and  in  the  near 
infra-red  at  804  nm. 
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Processing  of  rare  earth  doped  GaN  with  ion  beams, 

Katharina  Lorenz* ,  U.  Wahl*,  E.  Alves*,  B.  Pipeleers®,  V.  Matlas®, 

A.  Vantoinmo®,  S.  Dalmasso'*,  R.  W.  Marlin**,  K.  R.  O’Donnell**,  N. 
Rousseau"*,  G.  Halambalakis"*,  S.  Ruffenach'*,  O.  Briot"*,  T. 

Wojtowicz®  and  P.  Ruterana**;  *Dep.  Fisica,  Instituto  Tecnologico  e 
Nuclear,  Sacav<Mit,  Portugal;  ®Instittiui  voor  Kern-  on  Stralingsfysica, 
KULeuven,  Lenveii,  Ih-lgium;  **Dep.  of  Physics,  University  of 
Strathclyde,  Glasgow,  United  Kingdom;  ‘*GES,  Universite  de 
Montpellier  II,  Montpellier,  Prance;  *LBRMAT,  BNSICAEN,  Caen, 
France. 

Doping  of  GaN  with  rare  earth  elements  (RE)  allows  the  production 
of  electroluminescent  emitters  that  cover  the  entire  visible  wavelength 
range.  This  opens  the  possibility  to  develop  integrated,  all-nitride 
light-emitting  devices  for  several  applications  in  display  technology.  In 
this  work  we  stu<|y  structural  aii<l  optical  properties  of  <jaN  doped 
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with  UR  by  ion  iniplantntion  and  connpare  them  to  results  obtained 
for  (faN  <loped  <lunti>!;  MHK  growth.  (JaN  epilayers  grown  by  MOC-VD 
were  implante<l  with  Rr,  'I'm  and  Rti  with  different  energies,  <loses  an<l 
fhix»*R  and  at  /lifh’PMil  inipiaiii:itir>n  toniperatures  in  oph*r  li»  find  l  lu* 

« >|it  ttitiiiii  iin|dhn(  tH  ii»it  •'•>ndtt  i<  >nn  'I'Im*  r«’i’i»v»'ry  of  fh**  iinphinlitlimi 
«lamag<*  was  studi«*d  using  Ixti.li  rapid  t.h<*rtnal  aiiiM'aling  (Il’I'A)  ami 
furiinee  annealing  with  »‘i<-vat<‘d  nitrogen  pressure,  liutiu'rrord 
baek.seatteriug  spe.Mmmt'lry  in  I  he  rhnnneling  inode  wn.s  UM*  d  li> 
tuonitor  the  evolution  of  damage  introduction  ami  recovery  in  tin-  (ia 
sublattice  and  to  establish  the  lattice  site  location  of  the  RR.  'Die 
nature  of  structural  Heffcts  was  studied  with  TRM.  TIk-  optiral 
properties  of  the  saniph's  wep*  aiialyse<l  by  room  iemp«-r!itnp* 
cathodoimuincscence.  For  optical  activation  of  tlie  implanted  samples 
annealing  was  necessary.  Wo  observe  RE  related  emissions  in  the 
green,  red  and  blue  for  Er,  Ru  and  Tm,  respectively,  and  in  tlie 
infrared  for  Br  and  Tm. 
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Micros  true  til  re  and  Photoluminescence  Investigations  of  Er 
doped  GaN  layers  grown  by  MBE.  Tomasz  Wojtowicz^  Alain 
Brand®,  Hock  M.  Ng*,  Jean  L.  Doualan®  and  Pierre  Ruterana^; 
*LERMAT  FRB  2M9,  CNRS-ENSICAEN,  Caen,  Normandy,  FVance; 
^Lucent  Technologies,  Murray  Hill,  New  Jersey;  ®C1RIL  UMR, 
CNRS-ENSICAEN,  Caen,  Normandy,  FVance. 

For  a  few  years  now,  it  has  been  possible  to  dope  GaN  layers  using 
MBE  growth.  This  aims  to  use  the  wide  band  gap  semiconductors  as 
hosts  to  the  rare  earth  and  exploit  the  sharp  emission  lines  from  intra 
shell  transition.s.  It  was  shown  that  the  whole  visible  spectnini  can 
bo  covered  by  changing  the  rare  earth  or  exciting  different  levels.  It  is 
also  suspected  that  like  in  some  systems  for  instance  Si(nano)/Si02, 
the  energy  coupling  could  involve  defects.  In  this  work,  we  carry  out 
TEM  and  HREM  analysis  on  GaN  layers  grown  on  sapphire  and 
doped  in  situ.  Inve.siigations  are  carried  out  in  parallel  using 
plioioluminesconce  and  photoluminesccnce  excitation  experiments  in 
order  to  determine  the  mechanisms  that  govern  the  energy  transfer 
between  the  rare  earth  ion  aiul  the  host  GaN.  It  has  been  shown 
previously  that  the  emission  peaks  at  Er  concentrations  of  about  ]% 
and  that  it  dramatically  <lrep';uses  with  Er  concentration  probably 
because  of  compositional  quenching.  We  therefore  study  the  evolution 
of  the  microstructure  versus  composition  and  try  to  explain  the 
quenching  effects  that  can  be  related  to  the  microstructure.  Moreover, 
it  has  also  been  sugg*‘.sN-d  ihm  Rr  emission  in  <iaN  could  1«-  p'lat»‘d 
to  energy  transfer  throngli  the  nie<liation  of  <lcfcrts.  We  analyse  the 
atomic  structure  of  the  crystallographic  defects  that  are  presenf  inside 
the  iay<Ts  and  try  to  correlaf**  it  with  the  incorporated  rare  earth 
atoms. 

Y6.7 

Litiiiiiioscoiice  Propi^riios*  of  Eii  ioii-iiaplaiitc<l  GaN.  Shin-ichiro 
Uekusa  and  Isao  'i^naka:  Department  of  Electrical  and  Electronic 
Engineering,  Meiji  University,  Kawasaki,  Kan agawa,  Japan. 

Since  Group-Ill  nitrides  light  device  has  high  luminosity,  it  is 
expected  as  a  new  white  light  source  replaced  with  a  fluorescent  light,, 
(«nllium  nitride  ((J;\N)  Is  v**ry  useful  I»osl.  innteria!  because  h  eqnip.s  a 
wi<le  baiul  gap  and  improve  ilu*  luminescence  properties  of  rare  earth 
ions.  Especially  Ru  ion  shows  luminescence  of  about  600nm  by  the 
transition  from  the  ®D«  to  ‘Fj  (J=0'>^4),  it  is  expected  as  a  element 
which  bears  red  light  emission  in  RGB  colors.  But,  luminescence  from 
rare  earth  ion  occurs  thermal  quenching.  Therefore,  luminescence  is 
weak  and  difficult  to  use  at  room  temperature  as  a  white  light  source. 
The  wafer  used  in  this  work  was  a  St-doped  (n=:9.8x  10*^cm~® ) 
epitaxial  n-GaN  layer  grown  on  sapphire  substrate.  The  Eu  ion  was 
implanted  at  an  energy  of  3U()koV  with  a  dose  of  I  x  10‘*cm~“  at 
room  temperature,  After  the  ion  implantation,  these  samples  were 
thermally  annealed  at  temperatures  ranging  from  1000  to  HOO^C  and 
at  times  ranging  from  10  to  60  minutes  by  rapid  thermal  annealing.. 

The  heating  and  cooling  rates  were  5® C/s.  Before  annealing,  the 
apparatus  was  pumped  down  to  a  base  pressure  of  5.0x10“*  Torr 
before  an  atmosphere  gas  was  fed  Into  the  vacuum  chamber.  The  gas 
u.sed  to  this  experiment  was  Ar  gas  at  1  atm.  Photoluminescence  (PL) 
spectra  and  its  lifetime  were  measured  at  temperatures  ranging  from 
15K  to  300K  using  tlie  325. Onm  line  of  a  He-Cd  laser  with  a  power  of 
lOmW,  Signals  were  dispersed  by  a  Im-focal-distance  double-grating 
monochromator  and  then  detected  by  a  GaAs  photomultiplier. 

Optimal  annealing  condition  was  ISOO^C,  30  minutes  for  Eu-related 
luminescence  intensity  and  PL  was  observed  at  room  temperature. 
Lifetime  was  4,6  msec  at  15K  and  became  short  as  temperature  rose. 

We  calculated  activation  energy  (Ec,=8.5eV)  and  studied  on  thermal 
quenching  process.  Its  quenching  dominated  in  the  low  temperature 
range  from  15K  to  MOK,  we  found  the  nonradiative  recombination  in 
the  transition  from  the  ^D,i  to  '  F2  of  Eu.  We  report  systematically  on 
the  obtained  results. 

Y5.8 

LiiiiiiiieHeoiit  Hciliiihiiii  Doped  Atiiorphcum  AIN  Thin  Films 


Deposited  ill  Planar  aii<l  Cylindrical  Geometries  for 
Wavegiii<les  and  Laser  Cavities.  Mtihammad  Maqbool,  Hugh  H 
Richar<lson,  P.  Greg  van  Patten  and  Martin  R  Konlesch;  Physics  and 
A.st  ronoiny,  fJhio  Uiiiv«*rsily,  Afle-ns.  Oil,  Ohio. 

llolmtum  <h>p«*<l  AIN  tliin  lilms  iiav<'  i><’<*n  <l<q>osite«.t  on  flat  silieon 
substrat«>s  anrl  optical  IIImth  of  dilhrent  diameters,  in  oivler  to 
fabrieivie  iv  sonnitt  H  for  )aM*-rs  In  particular,  the  litins  oti  (Iber 

substrat/'s  ar»*  »-x)e*ctr-d  to  p'^rform  >ui  cylindrical  waveguides  <u* 
’’whispering  gallery”  cavities,  'I’ho  AIN  films  are  deposited  by  reactive 
sputtering  at  liqiii*!  aitrogiuj  t«'niperatnre,  using  HM)  -  2(H)  WjUIs  RF 
[  lower,  5-8  m'rorr  niirog**n,  using  a  metal  target  of  A I  ami  Ho.  'The 
aim  is  to  obtain  lasing  in  rare  earth  doped  (<  1  at.  %  )  amorphous 
nitride  semiconductors.  One  micron  thick  films  of  AlN;Ho  have  been 
deposited  on  flat  silicon  substrates  and  2  micron  thick  films  on  80 
micron  and  smaller  optical  fibers.  X-ray  Diffraction  and  SEM  studies 
show  that  films  deposited  on  flat  silicon  are  amorphous  while  the  ones 
deposited  on  the  fibers  show  columnar  growth  and  some  gain 
structure,  most  probably  due  to  a  temperature  rise  at  the  substrate 
during  deposition.  Cathodoluminescence  (CL)  emission  is  observed  in 
thermally  activated  AIN:Ho  in  both  crystalline  and  amorphous  forms. 
An  Intense,  narrow  emi.ssion  peak  is  observed  at  547  nm.  Small  peaks 
are  also  observed  at  490  nm,  661  nm  and  759  nm.  The  most  promising 
wavelength  for  our  design  is  laser  emission  from  the  5S2  to  518 
transition  at  547nm;  although  a  dozen  laser  transitions  have  been 
observed  in  Ho  ions.  Methods  to  pump  the  cavities  both  optically  and 
using  electrons,  methods  to  ensure  efficient  excitation  of  the  Ho  ions 
and  efforts  to  construct  cylindrical  waveguides  from  the  amorphous 
films  will  be  presented. 

Y5.9 

Lattice  Location  of  Er  in  GaN  CO- Implanted  With  O  a«<I  C. 
Bart  Do  Vries**.  Ulrich  Wahl\  Rlisabete  Rita*,  Armandina  L.  Lopes®, 
Eduardo  Alves’ ,  Guilherme  Correia’’^,  Vasco  Matias’,  Andre 
Vantomme^  and  collaboration  The  ISOLDE**;  *Fisica,  Institute 
Tecnologico  e  Nuclear,  Sacavem,  Portugal;  ’^Instituut  voor  Kern- 
Stralingsfysica,  Katholieke  Universiteit  Ixuivcn,  Ivouvon,  Belgium; 

■  Fisica,  l.buversi<Ia^b*  do  Aveiro,  Aveiro,  Portugal;  ‘*(.JRRN,  Geneva, 
Switzerland. 

Rare  earth  doped  GaN  is  a  promising  material  with  regard.s  to  the 
realization  of  3-rblor  int<  grat<«<l  o[>tiral  devices  such  as  <lisplays  It  has 
l)ci*n  reportetl  that  ro-d<»ping  with  O  or  <!  cnlmnc<*s  tlu*  luiniitesccnce 
of  Rr-doped  (JaN  [I,  2).  A  possible  mcclianistn  that  has  been 
snggeste<l  in  that  resp<‘ct  is  that  these  co-dopants  may  promote  the 
incorporation  of  Rr  on  substitutional  Ga  sites.  However,  the  rob*  of 
eo-do[>nni.s  is  curr»-iilly  un<b'r  <iisctiHsion  and  there  exist  conflirting 
views  wlii’tli'T  co.t|i>|*ing  is  Iviu-fleial  at  all  in  the  case  of 
Rr-iniplaiitf'd  <i'aN  samples  [:J].  W<‘  report  here  on  emission  channeling 
lattice  location  studies  of  '*‘”'Rr  in  pure  GaN,  GaN  co-implanted 
with  O  and  GaN  co-implanted  with  C.  The  emission  channeling 
technique  is  based  on  the  fact  that  charged  particles  emitted  by 
radioactive  probe  atoms  in  a  single  crystal  experience  channeling  or 
blocking  effects  along  the  major  crystal  axes  and  planes.  The  resulting 
anisotropic  emi.ssion  yield  depends  characteristically  on  the  lattice  site 
oceiipjfMl  I»y  the  pr«»l»«-  atf>ms.  On*-  of  I  |i«-  (JaN  sainpl*-s  was 
pre-im|>la»>tod  wit  li  ’'“O  at  11  keV  using  a  fluence  of  5x10’**  cm”**,  a 
second  sample  with  5x10*“*  cm of*'Cat8  keV.  The  implantation 
energies  were  chosen  so  as  to  optimize  the  overlap  with  the  Er  atoms. 
Afterwards  radioactive  ‘*"Tin  (t  1/2=9.25  d)  was  implanted  at  60  keV 
to  a  dose  of  2xl0‘®  cm“^  into  all  three  samples.  The  isotope 
decays  to  the  isomeric  state  Er  (ti/2=2.28  s)  of  erbium.  The 
conversion  electrons  emitted  in  the  subsequent  decay  to  the  ground 
state  were  measured  around  the  {0001],  [-1102],  [-1101]  and  [-2113] 
directions  by  means  of  a  two-dimensional  po.sition-sensitive  detector. 
Already  in  the  as-implanied  state  the  majority  ('^75%)  of  **"”*Er  was 
found  on  substitutional  Ga  sites  in  all  three  samples.  The  remainder 
was  located  on  random  sites.  The  root  mean  square  (rms) 
displacements  from  the  perfect  substitutional  Gasite  were  of  the 
order  of  0.14  A  in  the  pure  GaN  sample,  and  0.15  A  in  the  co-doped 
samples.  This  is  larger  than  the  thermal  vibration  amplitude  of  G a  in 
GaN  (0.07  A),  which  suggests  the  Er  atoms  are  slightly  displaced  or 
have  point  defects  in  their  vicinity.  Annealing  up  to  900®C  did  not 
significantly  improve  the  substitutional  fractions,  but  decreased  the 
rms  displacements  down  to  about  0.11  A  in  the  pure  GaN  sample,  and 
to  0.12  A  in  the  two  co-doped  samples.  The  differences  between  the 
three  samples  are  well  within  the  experimental  error  bars  and  the  Er 
in  the  co-implanted  samples  thus  exhibited  the  same  behavior  as  the 
Er  in  virgin  GaN.  Our  findings  therefore  show  that  co-implanting  of 
Er  with  O  or  C  into  GaN  does  not  significantly  affect  the 
incorporation  of  Er  into  Ga  sites  in  the  case  of  low-dose  ion 
implantation,  [l]  J.T.  1'orvik  et  al,  J.  Appl.  Phys.  81  (1907)  6343.  [2] 

M.  Overberg  ot  al,  MaU-r.  Sci.  Eng.  B  81  (2001)  121.  [3]  R.  Alves  et 
al,  Mater.  Sci.  Eng.  B  81  (2001)  132. 

LtUiiro  of  Tin,  Er  and  Eu  ions  in  GaN  host  studied 
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I>y  X-rny  AhMorptioii  Fiiu?  Sti*U(rtiirn(£XAPS). 

Vintchcalav  Katchk.’xnov* .  I*Vcdcric  Mossclmans^,  Kevin  Peter 
(>'l)oMn«*ll' ,  Steplmn*'  Diilmiwso’,  !lol>ert  Marl.in\  Y  Nnkani.shi'^ ,  A 
Wakahara'',  A  Yoshida*'  and  RBNiBEL  Network"*;  *  Department  of 
Physics,  Strathclyde  University,  Glasgow,  Scotland,  United  Kingdom; 
^Synchrotron  Radiation  Department,  CCLRC  Daresbury  Laboratory, 
Warrington,  United  Kingdom;  ^Toyohashi  University  of  Technology, 
Ibyohashi,  Japan;  ^RENiRRL  Network,  European  Union. 

GaN  do|vd  with  ran'-«*}irth  (IlK)  ion.s  is  n  promising  material  for  light 
emitting  devices  in  the  visible  spectral  region  [1,  2].  'I’lie  efficiency  of 
RE  ion  emission  depends  crucially  on  their  distribution  over  the 
availabh'  lattice  and  interstitial  sites  and  on  the  symmetry  of  the  local 
.  environment,  through  the  relaxation  of  selection  rules  for  intra<^r  shell 
transitions  [3,  4].  EXAKS  measurements  can  be  used  to  obtain 
information  about  local  structure  in  the  neighbourhood  of  an  atom 
largei*-d  by  i(..H  eharaetcristir'  X-ray  alvsorption  [5],  'Phe  main 
}flvnntag«s  of  EX  A  PS  as  a  struettire-  <h't«‘rnnniiig  t*ehni'|u«-  an*:  it  is 
♦•h-nanit  speeifie  so  e;vn  provid**  information  on  the  local  struetiu’e 
aroiiiKl  an  element  which  is  present  in  trace  concentrations,  it  is 
completely  non-destructive.  Lattice  location  of  RE  ions,  Eu,  Er  and 
'I'm,  implanted  or  doped  In-situ  in  GaN  films  has  been  studied  by 
means  of  EX  APS  moasuromoiits  at  the  Daresbury  synchrotron.  It  has 
been  revealed  that  the  most  favourable  site  for  RE  ions  is 
substitutional  Ga  site  in  GaN  matrix,  [l]  A.  J.  Steckl  et.al.,  Materials 
Science  and  Engineering  H  81,  p  97  (2001)  [2]  M.J.  Garter  and  A.J. 
Steckl,  IEEE  'IVamsactions  on  Electron  Devices  40,  p  48  (2002)  [3]  S. 
Kim  et.al.,  Materials  Science  and  Engineering  B  81,  130  (2001)  [4]  J. 
M,  Zavada  et.al,  Materials  Science  and  Engineering  81,  p  127  (2001) 
[5]  D.  Wruck  el.  al.,  Senicoiiductor  Science  and  Technology  16,  p  L77 
(2001) 

Y6.11 

Enhatiooiiicnt  of  iimgnetic  properties  by  co-implantation  of 
Mn  nii<l  N  ions  to  |>-typ<»  GaN.  Jeong  Min  Baik  * ,  Yoon  Shon‘, 

'Pa*-  Won  Kang'*'  aiul  Jong-Lam  Le<-';  'Matorals  Science  f.-. 

Engineering,  POS'PECII,  Pohang,  Kyungbook,  South  Korea; 

^Quantum  Rinctional  Semiconductor  Research  Center,  Donggnk 
University,  S#‘oiil,  South  Kor*‘a. 

A  Mn  <lop«'d  GaN  ha.s  beeoim-  one  of  the  most  important  spintronic 
materials  becan.s*'  its  <hiri«*  t<>mperatnre  is  higher  than  room 
temperature  according  to  the  theoretical  calculation  of  Dietl  cl  al. 
Rerent ly,  room  temperature  ferromagnetism  has  been  observed  in  Mn 
<li»p<-d  (JaN  Ih>w**v**r,  il  was  (liflirnlt  to  obtain  a  hravy  «lr>|>itn',  ^*f  Mn 

'*•  <btN  I . tins*- of  t In*  l.»w  .soltiliility  limit  of  Mn  in  In  Ihis 

pap*-r,  we  propo.scd  a  new  method  for  the  enhancement  of  the  Mn 
solubility  in  GaN  using  co-implantation  of  N  and  Mn  ions  into  GaN. 
An  nndoped  GaN  layer  with  a  thickness  of  l/zm  was  grown,  followed 
by  a  growth  of  I -/nn- thick  ivtype  GaN  doped  with  Mg.  Net  hole 
concentration  in  the  film  was  determined  to  be  2.5xl0*~  cm"^  by 
Hall  measurements,  First,  the  N"^  ions  wore  implanted  at  energy  of  35 
K*-V  t«>  position  fh*-  ion  p*-ak  81)  niit  from  th*-  snrfa*-**.  'Ph*-  Mn^  ions 
w*-r*-  lh*-ii  implant*-*!  nt  em-rgy  of  180  K*-V'  to  plae,-  its  p.-ak  rang*-  at 
th«-  saiiu-  po.sition  as  that  for  the  N  implanted  sampl«*.s.  'Phe  N  an<l  Mn 
implant  dpsages  were  GxlO*'’’  cm*’^.  Subsequent  annealing  at  800  ®C 
for  30,s  was  performed  under  flowing  N2  gas  in  a  face-to-face 
condition.  For  roferone'e,  Mn-implantcd  GaN  samples  were  also 
prepared  The  magnetisation  data  showed  that  the  curie  temperature 
of  co-implanted  sample  was  above  300  K.  Prom  EX  APS  spectra,  it 
was  observed  that  the  majority  of  implanted  Mn  ions  substituted  for 
the  <Ia  sites  til  On  th*-  fither  han<l,  Mn  nitri<l*-s  sneh  as 

Mnf.N_».*,«  an*l  Mn.-tNj  w*-i'*-  foriti*-d  an*!  the  <^irle  iem|**-raf  ni-*-  was 
low  (<  100  K)  in  the  Mn-implantod  samples.  'Phese  results  confirm 
that  the  ferromagnetism  in  Mn-doped  GaN  is  derived  entirely  from 
th*'  substitution  of  Mn^'*’  ions  for  Ga  sites. 

L<»cai  atriictiiro  stu<ly  of  highly  Mu  <lo|>c<I  GaN  by 
fluorcMcciicc  X-ray  absorittion.  Gctna  Martinez-Criado* .  Andrea 
Soiriogyi*.  Martin  Elekhoff'  and  Martin  .Slnt/.maim'^;  *11)22: 
Micro-PInorescence/lmaging/ Diffraction  Group,  European 
Synchrotron  Radiation  l-^icility  (ESRF),  Grenoble,  FVance;  ^Walter 
Schottky  Institute,  Technical  Llniversity  of  Munich,  Carching, 

Munich,  Germany. 

I'he  atomic  configuration  and  charge  states  of  Mn  in  GaN  were 
stndic<l  by  means  of  extended  X-ray  absorption  fine  structure 
(EXAhS)  and  X-ray  absorption  near-edge  structure  (XANES) 
analyses  on  the  micrometer  scale.  In  fluorescence  detection  mode,  the 
spectra  were  taken  from  molecular-beam-epitaxy  grown  GaNtMn 
layers  deposited  on  (0001)  sapphire  substrates  with  high  Mn 
concentrations,  ranging  from  1018  up  to  1021  cm-3.  In  addition  to  the 
GaN  p-type  doping,  Mn  impurities  introduce  special  magnetic 
properties,  leading  to  ferromagnetism  with  an  extremely  high  Curie 
teinperattire  above  740  K.  The  systematic  behaviour  of  the  bond 
h.Migth  distortion  a.s  Mn  content  increases  in  the  GaN  lattice  is 


reported.  'Pl>»-  lo*-»l  .stni**tuiv  and  boiuling  contigurations  around  tln- 
Ga  in  these  films  have  been  analyzed  as  well.  In  summary,  the 
obtained  loeal  .Htrnctiir*-  informalioii  ha.s  provided  <lirecl  evir|enr*r-  that 
the  magnetic  Mn  impurities  can  indeed  substitute  for  the  Ga  host 
atoms  even  in  highly  concentrated  samples. 

Y5.13 

An  Optical  Spectroscopic  Method  to  Monitor  the  Formation 
of  Metallic  Secoiidm*y  Phases  in  Diluted  Magnetic 
Seiiiicoiidiictors.  Sung  S«*ok  Ambrotins  Soo*,  'P.  W.  Noh*.  Y.  D. 
Park®,  G.  T.  'Plialer**,  M.  E.  Overberg^,  C.  R.  Abernathy  ’,  S.  J. 
Pearton^,  H.  C.  Jeon'*  and  T.  W.  Kang**;  ^ReCOE  Sc  School  of 
Physics,  Seoul  National  University,  Seoul,  South  Korea;  ®CSGMR  A: 
Srlnxd  of  Pliysifs,  S*-onl  National  Univ*Tsit.y,  Seoul,  South  Kor*‘a; 
^Department  of  Materials  Science  Sc  Engineering,  University  of 
Florida,  Gainosvill*',  Florida;  “* Quantum  Ptmctional  Semiconductor 
K*-.s*-ar*-h  (!*  nt«-r,  Donggnk  Univ*-r.sily,  S<-onl,  South  Ki>r«-a. 

Ib-ceiilly,  Ill-V  bas<-«l  diluted  magnetic  .s<-micondn<M.ors  (DMS)  have 
attracted  a  lot  of  attention  due  to  their  potential  spintronic 
applications.  In  spite  of  development  of  elaborate  growth  techniques, 
it  is  still  difficult,  to  avoid  formation  of  secondary  phases  due  to  the 
solubility  limit.  Especially,  formation  of  some  inter-metallic 
compounds,  such  as  MnAs,  MnxNy,  and  GaMn,  should  be  carefully 
monitored,  since  they  are  known  to  be  ferromagnetic  with  high 
ferromagnetic  Curie  U  mporatures.  So  far,  standard  X-ray  difTraction 
and  transmission  electron  microscopy  measurements  have  been  widely 
used,  but  the  po.s.slbl*-  formation  of  the  secondary  pha,ses  and  their 
roles  in  the  observ<-d  f*-rromagnetic  properties  remain  to  be 
controversial.  Therefore,  it  is  highly  desirable  to  develop  noble 
experimental  techniques  to  check  the  formation  of  the  secondary 
pha.ses.  We  found  that  optical  spectroscopy  techniques  can  provide  a 
nondestructive  method  to  monitor  the  formation  of  such  metallic 
secondary  phases  by  observing  a  resonant  absorption,  called  /sphere 
r<-HO!mnc*-/,  in  traii.Hnii.ssiott  sp*’Clra.  For  example,  we  will  show 
spfctroscopic  <-vitb-n<**-  on  the  forinatiou  ofMii^N  inter-metallic 
particles  in  GaN:Mn,  by  observing  the  1.2  eV  resonant  absorption  and 
comparing  its  temperature  dependence  with  predictions  of  the 
Maxwell-Garnetl  theory.  M or* -over,  our  spectroscopic  techniques  ran 
provid**  soin*’  <|naiitil.attv*-  information,  such  as  tin*  voluiin-  fraction  of 
MhhN  )nt**r- metal  lie  partich-.s  [l).  In  this  pro.seiitation,  we  will  show 
how  th<-  opti<*al  sp*-ctn>.s^-<)pic  techni<|Ues  allow  ns  to  check  the 
formation  of  the  metallic  secondary  phases  in  various  DMS  samples, 
such  as  GaN:Mn,  GaAs:Mn,  and  InAs;Mn.  The  spectroscopic 
signatnr*'  of  po.ssibl*'  m*’1nlli*'  s^crnxlary  plias*'s  in  *'nch  DMS  atul 
muilyf»in  m*-1h.i.!  will  b*-  :iIm*  |{*  r»-r«-n*-*-.-i  |l]  .S*-**  r/fil,  AppI 

IMiys.  Lett.,  82,  -17-ll>  (2n()3) 

Y5.14 

Rcsoiiaiit  Magiiotopolaroii  Effect  on  Shallow  Donors  in  GaN. 
Andrzej  Stefan  Wysmolek*,  R.  Stepniewski* ,  M.  Potemski®,  B. 
Chwalisz* ,  K.  P.  Korona*,  J.  M.  Baranowski*,  D.  C.  Look^,  S.  S. 

Park"*  and  K.  Y.  L*-*-'’;  '  Institnt*- of  Exp<‘rimental  Physn-s,  Warsaw 
University,  Warsaw,  P*»lan<i;  ’ <  »r«-iM*l»h-  High  Magiieti**  l-'i«-l*l 
Laboratory,  Grenobl*-,  Fran<v;  ‘’Semiconductor  Kesear<'h  t^-nter, 

Wright  State  Ifniversity,  Dayton,  Ohio;  ‘‘Samsung  Advance  Institute 
of  Technology,  Suwon,  South  Korea, 

The  interaction  of  longitiidinal-optica!  (LO)  phonon  with  highly 
excited  shallow  donor  states  in  GaN,  observed  using 
magneto- spectroscopy  of  neutral  donor  bound  excitons  (DOX)  in 

magnetic  fi<-!rls  up  1.0  28'!',  i.s  r<-porte<l,  I'he  magnel.o-liimim-.s<-’<-ne<- 
*-xp*Tin»*'nl.s  hav*-  b*-*-n  p*-rfijrm«-*i  on  a  thick  freestnmiing  GaN. 
Photolninim-.sceiua-  sp»*«Mrnm  of  this  material  shows  pronounced 
emission  due  to  silicon  and  oxygen  donor  bound  excitons.  Beside  the 
principal  recombination  transition  of  DOX  in  which  donors  are  left  in 
tlu’ir  ground  .stat«-s,  two  ♦•h-<‘lron  .satellites  ('FES)  in  which  donors  are 
l«‘ft  in  ouf  of  the  »-xcit<-d  stat*>.s  ar<*  obs*-rvc<|.  In  particular  'I'ES 
connected  with  oxygen  <lonor  show  several  transitions  involving 
ilifTerent  excited  states  are  observed.  Detailed  magnetooptical  stiKlies 
alIowe<l  ns  to  i<!*-iilify  transitions  involving  the  excit<-d  .states  with 
n=:2  (2s,  2p0,  2p-  and  2p-P),  as  well  as  excitations  to  several  higher  (n 
>  2)  donor  states  [1],  I’lie  intensities  of  TES  related  to  the  states  with 
high  n-index  decrease  with  increasing  of  the  magnetic  field  strength. 
However,  when  the  high  n-index  states  are  tuned  into  resonance  with 
LO-phonon  replica  of  the  principal  DOX  transition,  their  intensities 
are  strongly  enhanced.  The  avoided-crossing  between  LO-phonon  and 
several  donor  states  is  ob.servcd.  The  most  striking  effects  are 
observed  for  a  .series  of  stalc.s:  3d+l ,  4f+2,  5g-l-3,  6h-l-4,  7i-pr>...  which, 
in  general,  arc  cliaractcrlzed  by  l=n-l  and  m=n-2  quantum  numbers. 
The  characteristic  property  of  these  states  is  that  their  wavefunctions 
are  extended  along  the  magnetic  field  direction.  The  obtained  re.sults 
arc  discussed  in  t  erms  of  electron-phonon  interaction  and  provide 
information  about  the  magnitude  of  the  resonant  interaction  of 
LO-phonons  with  impurity-bound  electrons  in  GaN.  [l]  A.  Wysmolek, 

K,  P.  Korona,  R.  Stepniewski,  J.  M.  Baranowski,  J.  Bloniarz,  M. 
Potemski,  R.  L.  Jones,  D.  C.  Look,  J.  Kuhl,  S.  S.  Park,  and  S.  K.  Lee, 
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Phy«.  Kov.  1)  r»r>,  2-iri;iI7  (2(lf)2) 

Hy<lrogoii-rolntO(l  Local  Vibrational  Mo<lo5  in  GnN:Mg 
Grown  by  Molr<Milnr  Dcaiii  Epitaxy*  DaviH  Pastor*,  liatnon 
C^usco*,  L'lis  Arttis* .  Fornaiulo  Naranjo^  and  KnrK|ue  Calleja*''; 
*!nstitiit.  Jaiiine  Alincra,  C.S.I.C.,  Barcelona,  Spain;  ^Departamento 
Ingonioria  Elorlronica,  1‘Vrsl  'IV*l<‘roinunicarion,  Univ<Tsidad 
Poliiecnica,  Madrid,  Sp.aiti, 

Despite  the  achievement  of  effective  p-type  doping  of  GaN  using  Mg 
as  a  dopant,  basic  understanding  of  p-type  doping  still  remains  an 
isstie.  It  has  been  rccoghi7e<l  that  hydrogen  plays  an  important  role  in 
|vtype  doping  of  GaN,  strongly  passivating  the  acceptor  states  of 
MOeVD-grown  Mg-doped  GaN  and  making  post-growth  annealing 
tp'ntifU'itts  ii#'#'«>ss;iry  lo  obtain  p-type  <‘<>ndnetivity.  C  Contrary, 

<iaN:Mg  samphs  grown  by  MBK  imiiaMy  exhibit  native  p.tyjv 
character  in  the  as-grown  state.  Wo  report  a  Raman  scattering  study 
of  Local  Vibrational  Modes  (LVMs)  on  Mg-doped  GaN  grown  by 
MIIH.  'Phe  samples  were  Mg-dope<t  (JaN  films  of  wl  .d  /iiu  thiekne.ss 
grown  on  Si(l  11)  substrates  at  'rMsf=450  *C.  'I'he  Raman  experiments 
were  performed  using  a  Raman  microprobe  with  the  5H.5  nm 
excitation  wavelength  and  typical  spot  size  of  ssl  /im.  'Plie  spectra 
were  ne(|ttirer|  in  the  x(yy)x  iti-plane  eonfigiiration  to  iiiaxinii/.e  the 
scattering  volume.  In  the  region  of  the  acoustic  and  optical  modes  of 
GaN,  we  clearly  observed  two  distinct  peaks  at  262  and  656  cm”\ 
which  correspond  to  local  Mg  modes  with  A  i  symmetry.  These  lA'M 
peaks,  which  unambiguously  show  the  presence  of  Mg  dopants  in 
substitutional  Ga  positions,  were  observed  in  MOCVD  samples  only 
after  thermal  annealing.  Additionally,  we  observed  four  Raman  peaks 
in  the  spectral  region  around  2200  cm”*,  where  LVM  associated  with 
Mg-H  complexes  and  H-decorated  nitrogen  vacancies  occur, 
suggesting  that  H  pa.ssivation  may  also  take  place  in  GaN: Mg  samples 
grown  by  MBE.  Contrary  to  the  case  of  MOCVD  samples,  we  did  not 
detect  any  Kainati  signal  at  about  3120  cm”*,  which  indicates  that 
for  MHK  growth  11  atoms  do  not  bond  to  N  to  form  N-K  complexes. 
'rii»‘  tiilb'reni  l»elmvior  of  II  in  hydrogenated  GaN:Mg  sanipb-s  grown 
by  MBK  tvn<l  MCXA'I)  forr*-lal<-s  with  the  different  ehclrieal  behavior 
timi  is  usually  exhibited  by  samples  grown  using  these  two  techniques. 

YD, 10 

Non-Equilibrium  Acceptor  Concentration  in  GaN:Mg  Grown 
by  Metalorganic  Cbemicnl  Vapor  Deposition.  Yinyan  tlong* ,  Y 
Gu*.  Igor  L  Kuskovsky*,  G  V  N*  nmark*,  J  Li^,  J  Y  Lin'  and  II  X 
.liang'^;  *  l)*  partmenl  of  Applh  r}  IMiysies  and  Applied  Matlu-matic.s, 
Columbia  University,  New  York,  New  York;  Department  of  IMiysics, 
Kansas  State  Univ^'rsily,  Manhattan,  Kansas. 

<IaN  ha.s  b«-t*n  of  gr,-at  intc-ivst  fiu-  various  npplir.at  ions.  'To  a.diUw,- 
npltuial  ,|,-vi**«'  op«>i'al  ion,  go,,i|  bip«>tar  doping  is  r*'*|tiir,-d  <i:tN  Mg 
with  a  hob-  e4>n«'<«ntrul ion  of  Ml'"  ein"'^  luw  Imv  ii  iu'hi«*v,<l  (for  a 
review,  see  e.g.  (I]).  Such  goo<l  p-doping  is  obtained  either  by  post 
growth  annealing  of  material  grown  by  metalorganic  chemical  vapor 
deposition  (MOCVD),  where  such  annealing  removes  compensating 
hydrogen,  or  via  molecular  beam  epitaxy  [1].  Both  processes  are 
expected  to  result  in  non-equilibrium  dopant  concentrations  [2,  3]. 

Here,  wo  present  experimental  results  that  prove  non-equilihrium 
concontrations  for  the  MOCVD  case.  Our  samples  are  cut  from  a 
siuglo  wafer  of  GnN;Mg‘ grown  by  MOCVD  on  sapphire  and  activated 
by  rapid  thermal  annealing  (R’l'A)  at  950  ®C  for  8sec.  We  then  further 
anneale<l  several  of  these  pieces  at  various  temperatures  in  nitrogen 
ambient  forever  12  hours.  Temperature-dependent  Hall-effect 
measurements  showed  that  hole  concentrations  decreased  by  an  order 
of  magnitude  or  more  in  samples  annealed  at  high  temperatures 
(>850  *(^)  compared  with  the  original  RTA  activated  sample,  while 
the  acceptor  activation  energy  remains  the  same  for  all  pieces.  This 
l>ehavior  is  explained  by  Mg  concentrations  in  excess  of  the 
cquilibriii in  solubility  limit,  'riuis,  at  high  enough  temperatures,  Mg, 
in  the  absence  of  hydrogen,  diffuses  either  to  form  electrically  inactive 
precipitates  or  is  eliminated.  Furthermore,  we  shall  show  that 
photoluminescence  results  are  consistent  with  the  Hall-effect 
measurements. 

YD. 17 

Effect  of  Impurities  on  Raiiiim  and  Photoluminescence 
Spectra  of  AIN  Bulk  Crystals.  Andrei  Sarua* ,  Srikaran 
Rajasingam*,  Martin  Kuball* ,  Nuria  Garro^,  Oscar  Sancho^,  Ana 
<*^ros^,  Andros  Gantarcro',  D.aniel  Olguin^,  Bci  Lin**,  Dejin  Zhiiang'* 
and  James  H.  b^lgar"*;  *  IXy>artinenl  of  Physics,  University  of  Bristol, 
Bristol,  United  Kingdom;  Institiit  de  Oiencia  dels  Materials, 

Universitat  de  Valencia,  Valencia,  Spain;  ^Depto.  de  Fisica,  Centro  de 
Investigacion  y  de  Estudios  Avanzados  del  Institute  Politecnico 
Nacional,  Mexico,  Mexico;  ** Department  of  Chemical  Engineering, 
Kansas  State  University,  M.*inhattan,  Kansas. 

AIN  has  attracted  great  attention  for  its  use  as  a  wide  bandgap  high 
thermal  conductivity  substrate  for  electronic  and  opto- electronic 


nitride  dovires.  However  its  properties  are  highly  affected  by 
ineorprimtion  nf  impiiritieH  during  growth,  for  iimtane*-  Al  litis  ii  Inrge 
atlluity  III  oxygen.  Kniiinn  and  phot<ilumineseener  (PL)  sperir^seopy 
were  applied  to  explore  tracing  of  common  impurities  in  AIN  by 
oplieal  im*an.s,  in  parti«-iilar  of  oxyg<'n.  Bulk  AIN  crystals  grown  by 
the  high  temperature  .sublimation  method  were  slu<lie<l.  (  ^imposition 
analy.sis  of  the  samples  was  obtained  by  EDX,  Loco  combiistional 
metlioi’i  an<I  laser  ablation  mass  spectroscopy.  'Phe  b-vel.s  of  oxygen, 
carbon,  silicon  and  magnesium  impurities  were  derived  from  these 
analyses.  Micro- Raman  spectra  of  the  bulk  AIN  samples  were 
measured  in  different  polarisations  and  using  different  excitation 
wavelengths.  The  presence  of  vibrational  modes  at  585  cm”*  and 
030-950  cm”*  was  detected  in  addition  to  the  usual  Raman  modes  of 
bulk  AIN.  The  585  cni“*  mode  was  attributed  to  an  oxygen  local 
vibrational  mode  (LVM)  in  AIN,  Al-O  complex.  PL  measurements 
w»*iv*  pf'rfornu'd  with  .siib-baiidgnp  light  <'xcitttti«>n.s  «>r '1  5  «'V  and  .3  72 
vV.  A  convialum  Im-Iw^m-u  tin*  obs,*rv»‘d  585  cm”*  mod,*  mid  an 
oxygen  related  luminescence  band  in  PL  spectra  at  3.3  eV  was  found. 
Theoretical  calculations  were  applied  to  e.stimate  the  freqnencie.s  of 
IVM.s  in  AIN  and  n-a-soiiabh*  agiv-^'im-nt  to  the  exp'*riin*  iitat  valtn-  fr»r 
the  oxygen  l/VM  was  achieved. 

YD.IS 

Sui*fmT<^  Potoiiiial  MmtmtroiiiciitM  of  <Iopiitg  nii<l  <]ef4*ets  of 
p-GaN,  Maria  Losurdo* .  Maria  Michela  Giangregorio* ,  (Jiovanni 
Bruno*,  April  Susan  Brown®,  William  Alan  Doolittle®,  Gon 
N.amkoong^  and  Thomas  Myers^ ;  *PlasmaChemistry  Center, 
IMIP-CNIl,  Bari,  Italy;  ‘Electrical  and  Computer  Engineering,  Duke 
University,  Durham,  North  Carolina;  ^School  of  Electrical  and 
Computer  Engineering,  Georgia  Institute  of  Technology,  Atlanta, 
Georgia;  Physics,  West  Virginia  University,  Morgantown,  West 
Virginia. 

Effective  p-type  doping  in  GaN  is  still  a  crucial  issue  for  the 
realization  of  efficient  optical  and  electronic  devices.  The  most 
investigated  p-dopants  of  Mg  and  Be  suffer  from  acceptor  passivation 
through  hydrog<m  ^^omph-X'^s.  In  this  study,  we  use  non-destructive 
opti<'til  mnl  e|,-e|,fir;i)  probes  SUeh  lt.s  ,spe<-troSCOpi<*  eliipsoiiietry  and 
Kelvin  probe  force  microscopy  (KPFM)  in  conjunction  with 
non-contact  atomic  force  microscopy  (AFM)  for  investigating  of  the 
interaction  of  Mg-  and  Be-dopant.s  with  atomic  hydrogen  and  for 
characterizing  pas.sivation  of  defects,  such  as,  dislocations,  micropipes 
and  inversion  <lomains  with  atomic  hydrogen.  GaN  epitaxial  films 
grown  by  both  metalorganic  chemical  vapor  deposition  (MOCVD)  an<l 
inolecni.ar  beam  epitaxy  (MBE)  <loped  with  both  Be  an<l  Mg  at  a 
doping  level  in  the  range  from  U)*17cm-3  lo  10*I0cm-3are  exposed  to 
an  atomic  hydrogen  flux  produced  by  a  r.f.  (13.5GMIIz)  remote 
plasni.a  sour<’*-.  TIi*-  re.artiviiy  towards  atomic  hydrogen  including  bulk 
liy<lrogeu  diffii.sion,  <!er.',*i  (dislocations)  passivation  and  p-<h>paiil 
deactivation  is  iiKMiilored  in  real  lime  by  spectri>s<a>pic  i*||ipsomef ry 
that  iiitMiilors  variation  of  tin-  (JaN  theh-cirie  funeti«m  upon  attmiic 
hydrogen  exposure.  'I'lirough  the  analysis  of  tlie  broadening, 
energy-shift  and  amplitude  of  the  GaN  exciton  transition  at  3.4  eV  in 
the  ellipsometric  spectra,  the  effect  of  atomic  hydrogen  on  the 
p-dopant  deactivation  is  inferred.  The  ellipsometry  data  are 
corroborated  by  .surface  potential  variations.  Surface  potential 
measurements  reveal  a  decrease  in  surface  potential  directly  correlated 
with  regions  of  deactivation  of  the  Mg-dopant  and  Be-dopant  by 
atomic  hydrogen.  Furthermore,  spectro.scopic  eUipsonietry  monitoring 
of  the  interaction  of  GnN:Be  and  GaN:Mg  films  with  atomic  hydrogen 
reveals  a  different  Mg-H  and  Be-H  bonding.  A  comparative  study  with 
n-type  (JaN;Si  is  carried  out  in  order  to  understand  the  effect  of 
doping  on  the  GaN  surface  potential.  An  increase  in  the  donor  density 
in  the  GaN  by  either  n-doping  or  hydrogen- related  deactivation  of 
p-dopant  result  in  reduced  SKP  signal  because  of  the  shift  of  the 
Fermi  level  toward  the  conduction  band.  The  effect  of  surface 
temperature  and  p-dopant  concentration  on  the  Mg-H  and  Be-H 
interaction  is  investigated.  Furthermore,  direct  measurements  of 
potential  variations  around  dislocations,  micropipes  and  inversion 
domains  are  detected  to  reveal  the  nature  of  the  above  defect  charges 
as  well  as  their  spatial  extent  and  modifications  by  atomic  hydrogen 
treatments. 

YD.  19 

Low- temperature  Activation  of  Mg-doped  p-GaN  with 
Catalyst  Layers.  Hyunwook  Shim,  YunKyum  Kim,  Eun-Kyung  Suh 
and  HyungJae  Lee;  Department  of  Semiconductor  Science  and 
1'echnology,  Clionbuk  National  University,  Chonju,  Soutli  Korea. 

Mg-doped  GaN  lay*'r  has  been  used  as  a  f>-t.ypo  layer  in  the  fabrication 
of  InGaN  based  light-emitting  diode  (LEDs)  and  laser  diodes  (LDs). 
Although  a  successful  doping  of  p-type  GaN  with  Mg  impurity  has 
been  achieved,  the  following  points  are  still  not  unsolved  prolbelms  : 

(1)  understanding  of  electronic  characteristics  and  role  of  various 
defects  in  Mg-dope<l  GaN  and  (2)  difficulties  in  achieving  high  hole 
concentration  due  to  high  ionization  energy  and  suppression  of  Mg 
incorporation  rate  by  formation  of  Mg  related  complexes  and  therefore 
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low  activation  rate  of  Mg  (roughly  1  %).  In  this  work,  we  show  the 
improvement  of  activation  rate  and  ohmic  contact  characteristics  by 
rapid  thermal  annealing  (RTA)  using  Ni  and  Au  catalyst  layers  on 
p-CIaN  layer.  Blectrical  characteristics  of  Mg-doped  p-GaN  grown  on 
»api)hir/'  siibstrnU's  l>y  iiM  tal  organic  chemical  vapour  <h*posit.ion 
(MOCVD)  and  activation  by  Il'I'A  using  No  and  Au  catalyst  layer 
were  investigated  using  Hall  measurements  and  current- voltage  (I-V) 
characteristics.  Wo  alos  fabricated  and  compared  between  fyRD  with 
nornml  temperature  us<  <l  commonly  in  our  fabrication  process  (030 
^C)  and  with  lowe  temperature  activation  using  catalysts  layer.  The 
p-GaN  activated  with  Au  layer  exhibited  a  maximum  carrier 
coimf-nt ration  of  |()'^  ciii“''  at  SOO  ®C!,  which  is  low»  r  than  normal 
iri'A  !emperatur<‘  and  improve<l  Ohmic  characteristics.  It  was 
revealed  that  Ni  and  Au  layers  on  p-GaN  enhance  activation  of  the 
acceptor.  This  enhancement  can  be  attributed  to  the  catalytic  effect 
for  the  hydrogen  desorption  and  ionization  energies  of  Mg  acceptors  in 
p-GaN  layer  activated  with  catalysts.  Au  shows  better  catalytic  effect 
in  p-GaN  layer  than  Ni.  We  could  improve  the  electrical  and  optical 
properties  of  InGaN/GaN  blue  LEDs  due  to  improvment  of  ohmic 
characteristics  by  increase  of  Mg  activation  rate  and  reduction  of 
degradation  of  liKSaN/GaN  quantum  well  by  low  temperature 
aet.ivut  ion  of  Mg  using  entaly.st  layer  in  LEI)  structures. 

Y5.20 

Formation  and  Dissociation  of  Hydrogen- related  Defect 
Centers  in  Mg-doped  GaN.  Oiaf  Gelhausen*.  M.  R.  Phillips^,  E. 
M.  Goldys^,  T.  Paskowa®,  B.  Monemar®,  M.  Strassburg^  and  A. 
Hoffmann"*;  ^Microstructural  Analysis  Unit,  University  of  Technology, 
Sydney,  Sydney,  New  South  Wales,  Australia;  ^Division  of  Information 
and  Communication  Sciences,  Macquarie  University,  North  Ryde,  New 
South  Wales,  Australia;  ® Department  of  Physics  and  Measurement 
Technology,  Linkoping  University,  Linkoping,  Sweden;  "* Institute  for 
Solid-State- Physics,  Technical  University  Berlin,  Berlin,  Germany. 

Scanning  cathodoluminescence  (CL)  spectroscopy  was  used  to  study 
the  electron  beam-induced  formation  and  dissociation  processes  of 
H-related  defect  complexes  and  their  role  in  the  acceptor 
compensation  mechanisms  in  MOVPE-grown  Mg-doped  p-type  GaN. 

In  addition  to  the  well-known  shallow  donor- acceptor- pair  (DAP) 
band  centred  at  3.27  eV  (at  4  K),  a  deeper  DAP  band  centred  at  3.13 
eV  was  identified.  During  electron  beam  irradiation,  the  shallow  DAP, 
consisting  of  a  Mgr?,,  acceptor  and  a  shallow  hydrogen- related  donor, 
i.H  reduced  luul  the  decjxT  DAI*  band  emerges,  consi.sting  of  the  Mg,?„ 
acceptor  nml  a  tieeper  donor  complex,  presumably  a  hydrogenated 
nitrogei»  vacancy.  'I’he  shallow  DAP  band  is  attributed  to  a  DAP 
consisting  of  the  Mg  acceptor  and  a  H-related  donor,  since  its 
bearn-in<luced  decrease  is  correlated  with  the  dissociation  process  of 
neut  ral  M.g-ll  comph-xes.  'fhe  Itnie-dependeneo  of  the  Mg-M 
disHoeiai  reaei.ion  was  niod<4«  >l  by  first  and  second  ord^  r  kiie  tie 
proe*'Sses.  Au  increas**  of  the  electron  beam  power  resulU-tl  in  bister 
dissociation  rates,  The  upper  limit  for  the  thermal  activation  energy 
of  the  shallow  hydrogen- related  donor  was  determined  to  be  25  meV 
by  temperature- resolved  Cl,  measurements.  The  DAP-character  of  the 
deeper  DAP  was  confirmed  by  its  blueshift  with  increasing  excitation 
density.  Since  the  loss  in  CL  intensity  of  the  shallow  DAP  duo  to  the 
di.ssoriaiion  of  Mg-H  complexes  is  almost  completely  counterbalanced 
by  the  gain  in  <.'L  intensity  of  the  deeper  DAP,  the  deeper  donor  is 
attributed  to  a  hydrogenated  nitrogen  vacancy  complex,  which  is 
located  'wlGO  meV  below  the  conduction  band  edge  and  represents 
another  compensation  mechanism.  To  support  this  assignment,  a  part 
of  the  sample  was  thermally  annealed  in  H2(5%)/N2  atmosphere.  The 
annealing  process  strongly  reduced  the  CL  intensity  of  the  deeper 
DAP.  It  is  suggested  that  in  the  presence  of  hydrogen  during 
annealing,  Mg-H  complexes  are  formed,  and,  due  to  the  upshifting  of 
the  Fermi-level  towards  the  tnidgap  region,  the  formation  of  other 
defect  complexes  (i.e.  V'n"^)  is  suppressed. 
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Inversion  Domajii  PlRtclcts  In<luce<]  by  Mg-Doping  in 
Laterally-Grown  AlGaN  Films.  Rong  Liu*,  F  A  Ponce*,  D 
Cherns*’,  H  Amano®  and  I  Akasaki®;  ^Department  of  Physics  and 
Astronomy,  Ari/yona  State  University,  Tempe,  Arizona;  ^H.  H.  Wills 
Physics  Laboratory,  University  of  Bristol,  Bristol,  United  Kingdom; 

*  Department  of  Materials  Science  and  Engineering,  Meijo  University, 
Nagoya.  Japan. 

Mg  is  a  commonly  used  p-type  dopant  in  nitride  semiconductors.  High 
doping  concentration  is  required  to  produce  sufficient  p-type 
conductivity.  This  often  results  in  formation  of  Mg- rich  pyramidal 
precipitates.  In  this  work,  we  have  studied  the  effect  of  doping  on  the 
microstructure  of  thick  A10.03Ga0.97N  films  deposited  on 
groove- patterned  sapphire  substrates.  A  Mg-doping  concentration  of 
'^lflF/20  cm-3  is  used  to  enhance  lateral  overgrowth  rate.  TEM 
observations  were  performed  in  different  projections  to  study  the 
doping  effect  on  microstructure  properties.  Plan- view  images  reveal 
bar-sliape<l  defects  in  the  regions  grown  above  the  grooves. 
Cross-sectional  images  reveal  that  the  bar-shaped  defects  have  a 


platelet  structure,  with  the  plate  parallel  to  (1-100) AlGaN  plane.  The 
platelets  form  faceted  trenches  on  the  sample  surface.  The  platelet 
defects  appear  to  be  formed  due  to  coalescence  of  neighboring  lateral 
overgrowth  domains.  Lattice  images  exhibit  a  slight  shift  of  the  basal 
plane  lattice  friugfs  al  tiu*  plat*‘let  boutulnry,  iiulicnting  fhal  the 
defects  are  inversion  <loiuaitis.  'I’lio  high  <lopiug  level  al.so  results  in 
formation  of  Mg-rich  pyrainkiat  precipitates  in  this  film.  The 
precipitates  are  denuded  in  the  vicinity  of  the  platelet  defects, 
suggesting  that  the  inversion  <lomain  platelets  consume  Mg 
impurities,  and  drain  the  impurities  in  the  neighboring  region,  In 
short,  we  observe  inversion  domain  platelets  in  the  overgrowtli  region 
of  AI<!aN,  and  a  fiiriuation  tii*>chanism  is  propo.sed  by  taking  itU-o 
consi<ieratiou  Mg  .segregation  to  the  coalescence  boun<lary  between 
neighboring  lateral  overgrowth  domains.  Understanding  of  these 
defects  is  critical  for  producing  homogenous  p-type  materials  in  high 
performance  devices. 
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TEM  Investigation  of  Defect  Reduction  and  Etch  Pit 
Formation  in  GaN.  Angelika  Vennemann,  Jens  Dennemarck, 
(3audia  Roder,  Roland  Kroegor,  Tim  Boettcher,  Detlef  llommel  and 
P«>tcr  Ryder;  liistit.nie  of  Soliil  State  Phy.sics,  Univ<*r.Hity  of  Br<‘men, 
Bremen,  (Jermany. 

The  reduction  of  the  threading  dislocation  (TD)  density  in  GaN 
grown  by  metal  organic  vapor  phase  epitaxy  (MOVPE)  is  of  major 
importance  in  order  to  improve  electronic  devices.  With  the 
investigated  SiNx  micromasking  the  dislocation  density  can  be 
reduced  by  more  than  an  order  of  magnitude,  as  shown  by  plan  view 
transmission  electron  microscopy  (TEM).  The  reduction  of  TDs  in 
GaN  grown  on  <0001  >  sapphire  is  due  to  bending  of  the  TDs  into  the 
{0001}  plane,  such  that  they  form  dislocation  loops  if  they  meet 
dislocations  with  opposite  Burgers  vectors.  Accordingly,  the 
achievable  reduction  of  the  dislocation  density  is  limited  by  the 
probability  that  appropriate  dislocations  meet.  In  order  to  gain  easier 
access  to  the  dislocation  structure,  the  GaN  samples  of  this  study 
were  chemically  wet  etched  with  an  H2S04:H3P04  acid  for  varying 
times.  The  atomic  force  microscopy  (AFM)  and  TEM  investigations 
showed  different  types  of  etch  pits.  After  brief  etching,  pure  edge 
dislocations  and  several  dislocations  of  pure  screw  or  mixed  character 
showed  no  clearly  distinguishable  etch  pits,  whereas  several 
dislocations  with  screw  component  showed  large  etch  pits  with 
difimot«.T.s  of  about  0.5  /<ui.  'riu'so  arc  assumed  to  be  ctcli  pits 
associated  with  o|k-u  core  <li.sloratiotis  or  nauopipcs,  In  samph's 
containing  a  SiNx  micromask,  preferential  bending  of  edge  type 
threading  dislocations  at  the  SiNx  interlayer  was  observed,  which  is  in 
contrast  to  the  rosult.s  found  for  GaN  grown  on  silicon  [Contreras  et 
al.,  Appl.  Pliy.s,  l,«*t.  81  (20(12)  4712].  This  might  be  at.tributo<l  to  the 
dilfemit  strain  stal**  iif  (laN  gisiwu  «>u  siik'on  or  sapphir«\  as  ivv<*alf'<l 
by  t<*inp<'rai,tuv  d<-prn<lent  X-ray  dilfraction  (XRD). 

Y5.23 

Measuring  Non-uniformities  in  GaN/AlN  Quantum  Wells 
using  STEM.  K.  Andre  Mkhoyan*,  H  Wu^,  W  J  Schaff^,  L  F 
Eastman'  and  J  Silcox*;  'Applied  Physics,  Cornell  University,  Ithaca, 
New  York;  ® School  of  Electrical  and  Computer  Engineering,  Cornell 
University,  Ithaca,  New  York. 

Recent  increased  interest  in  GaN/ AlGaN  quantum  wells  (QWs)  is 
primarily  governed  by  possibilities  of  the  fabrication  of  new 
opto-electronic  devices  such  as  optical  modulators,  switchers,  etc.  The 
mobility  and  distribution  of  the  carriers  in  these  structures  are 
strongly  dependent  on  the  roughness  of  the  quantum  wells  as  well  as 
on  the  sharpness  of  their  interfaces.  Reliable  measurement  of  the 
uniformity  of  these  QWs  is  needed.  For  characterization  of  these 
GaN/ AlGaN  QW's,  when  the  width  of  the  wells  is  as  small  as  10-15  A, 
scanning  transmission  electron  microscopy  with  2  A  probe  is  ideal 
for  these  type  of  measurements.  The  samples  of  wurtzite  GaN/ AIN 
QWs  studied  here  were  grown  in  an  MBE  system  and  consist  of  20 
GaN/AIN  QWs  with  initially  estimated  60  A  AIN  barrier  layers  and 
12-14  A  GaN  wells.  Composition  sensitive  annular  dark  field  imaging 
and  electron  energv'-loss  spectroscopy  (EELS)  were  used  to  determine 
long-range  uniformities  of  GaN  quantum  wells  and  the  sharpness  of 
their  interfaces  as  grown  in  an  AIN  matrix  by  molecular  beam  epitaxy. 
Low  magnification  annular  dark  field  images  reveal  waviness  along  the 
growth  plane  with  a  period  of  ^50  nm  and  a  height  ^20  nm  in  one 
sample  and  significant  changes  of  the  long-range  uniformity  in  the 
other,  Mezisurements  of  the  changes  in  energy-loss  spectra  of  the  Al 
L2, 3-edge,  Ga  L2 ,3-edge  and  N  K-edge  across  quantum  well  indicate 
that  the  interfaces  between  the  QWs  and  the  barriers  are  in  most 
cases  almost  atomically  sharp  while  in  some  cases  they  are  not.  For  a 
better  understanding  of  the  measured  EELS  data  mulislice  simulations 
of  the  interaction  of  an  incident  electron  beam  with  specimen  were 
also  performed  to  calculate  beam  spreading  inside  the  sample. 
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TEM  Analysis  of  Polarity  of  GaN  Grown  by  MOHVPE  on 


627 


GaAst(lll)A  nii<l  Oll)D.  Noriyuki  Kuwano*’**,  Y.  OhniNlii"' ,  Nuo 
Y.  Kun^.iuvir*,  Y  KiiiimKni^  mi*)  A. 

*KAS'rH(,t,  Kyunini  ihMvrr»ity,  Kitjiugti,  l*\ikiiokn,  Jnpmi;  ^I)ci>l.  A<lv. 
Sci.  Eicctr.  Mater.,  Kyushu  University,  Kasuga,  l^kuoka,  Japan; 
^Dept.  Appl.  Chem.,  Tokyo  Univ.  Agr.  Tech.,  Koganei,  Tokyo,  Japan. 

GalHmn  arsenide  (GaAs)  (111)  is  a  very  attractive  substrate  for 
growing  a  free-standing  GaN,  However,  crystals  of  GaAs  and  GaN  do 
not  have  inversion  symmetry  either,  and  then  they  have  a  polarity 
along  (111)  and  (0001),  respectively.  Since  the  growth  process  of  GaN 
depends  strongly  upon  the  surface  structure,  the  polarity  along  the 
growth  direction  is  important  to  control  the  quality  of  GaN  crystals. 

In  this  work,  GaN  layers  were  grown  by  the  metalorganic  hydride 
vapor  phase  epitaxy  (MOHVPE)  method  on  both  sides  of  G’aAs(lll)A 
and  (lll)B.  The  growth  temperatures  were  550®C  for  a  buffer  layer 
about  100  nm  thick  and  850  or  n.50®C  for  a  GaN  layer  about  8  ftu\. 
'PICM  observation  was  performed  to  analyse  the  microstnicturr  of  the 
GaN  layers.  1‘hc  polarity  of  <iaN  wa.s  ex2mnined  by  the  convergent 
beam  electron  diffraction  (CBED)  method.  The  buffer  layer  was  found 
to  grow  in  7,incblende  structure  with  stacking  faults.  The  GaN  layer 
grown  at  850® (  ^  is  made  of  columnar  wurtzite  crystals  containing 
many  stacking  faults  parallel  to  (0001),  The  wurtzite  GaN  layers  were 
confirmed  to  have  Ga-po!arity  along  the  growth  direction  irrespective 
of  the  polarity  of  substrate  plane.  The  GaN  layer  grown  at  950®C  is 
made  of  zincblende  structure  in  the  lower  part  and  wurtzite  structure 
in  the  upper.  The  wurtzite  part  contains  few  stacking  faults  and  has 
Ga-polarity  along  the  growth  direction.  The  zincblende-part  was 
revealed  to  have  a  polarity  corresponding  to  the  one  of  the  substrate 
plane.  The  results  implied  that  at  a  high  temperature  the  wurtzite 
crystal  grows  discontinuously  on  the  zincblende  GaN.  The  change  in 
stacking  order  and  the  inversion  of  polarity  are  also  discussed. 
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Plaii-viow  TEM  Imaging  of  Vertical  Threading  Dislocations 
in  (0001)  GaN.  David  M.  Follstaedt^.  Nancy  A.  Missert^,  Daniel  D. 
Koleske*’*,  Christine  C.  Mitchell^,  Karen  C.  Cross^,  Michael  P.  Moran ^ 
and  Andrew  A.  AHermair’*;  ‘Dept,  till,  Sandia  National 
Laboratories,  Albtiqiier<tue,  New  Mexico;  ^Dept.  1112,  San<lia 
National  Laboratories,  Albuquerque,  New  Mexico;  ^Dept.  1126, 

Sandia  National  Laboratories,  Albuquerque,  New  Mexico. 

GaN  has  important  electronic  and  optica!  properties  for  new  devices, 
but  to  achieve  the  performance  needed,  vertical  threading  dislocations 
(VTDs)  must  be  removed.  To  determine  progress,  VTD  densities  must 
be  accurately  measured,  both  the  total  and  individual  densities  for 
edge,  screw  and  mixed  dislocation  types  in  order  to  understand  their 
separate  effects  on  performance.  TEM  is  generally  taken  as  reliable  for 
detecting  di.slocation.s,  and  V'PD.s  can  be  detected  in  plan- view  of 
(onoi)  GaN  using  g  =  (1  1-26)  ^liffraetion  conditions.  This  coixiition  is 
often  thought  to  detrcl  <“dg**  (Burgers  vector  b  =:  a)  an<l  mixrrl  (b  = 
a+c)  V''ri)s,  but  not  screw  (b  =  e)  V'PDs  because  g.b  =  6  for  them. 
'Phis  dot  product  examines  the  alignment  of  the  strain  around  a 
dislocation  passing  through  the  specimen  with  the  diffracting  lattice 
planes;  zero  indicates  the  dislocation  is  invisible.  We  demonstrate  that 
screw  and  mixed  VTDs  have  a  second  contrast  mechanism  due  to 
strain  relaxation  at  the  top  and  bottom  surfaces  of  the  TEM 
specimen.  Surface  relaxation  contrast  was  seen  much  earlier  by 
l\iiistatl  ot  al.  (Phil.  Mag.  9,  90(1964)).  We  also  detect  strain  contrast 
along  dislocalion  liiu-s  for  edge  and  mixed  VTDs  since  g  b  is  non-zero, 
'I'ogether,  the  two  mechanisms  allow  us  to  identify  the  type  of 
individual  V'l'Ds.  Wc  have  determined  that  a  2-beam  diffraction 
condition  with  g  =  (11-20)  and  large  tilt  (^18  degrees)  allows  all 
VTDs  to  be  counted;  an  instifftcient  tilt  is  likely  to  miss  edge  VTDs. 

We  have  applied  this  method  to  GaN  grown  with  delayed  3I)->2D 
recovery  produced  by  reducing  NH3  flow  after  low- temperature 
nucleation  on  sapphire,  and  measured  a  total  density  of  4.6-6.1x108 
VTDs/cin2.  We  are  examining  VTD  densities  for  other  growths  using 
I'EM  specimens  with  broad  thinned  areas,  and  are  comparing  to 
densities  obtained  with  AFM  and  cathodoliimineseence.  which  are 
l»>w«T  .Saftdiu  is  :i  iiitiil ipr<>gr:ini  laboratory  op*>ral«*d  by  .Sanriia 
< ’orporal ion.  a  I.ocklu-ed  Martin  Company,  for  the  lbiiie<l  Statrs 
Department  of  Energy  under  contract  DE>-AC04-94-AL85000. 
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Effect  of  threading  dislocation  density  on  microstructnre  and 
optical  properties  of  ItiGaN  cpilayers.  Sridhar  Srinivasan^ ,  Lijian 
Geiig',  Fernando  A  Ponce*,  Shitiji  Tanaka*  and  Yukio  Narukawa*; 

l><‘parl.tn»*nl  «if  IMiysii's  an>l  A-stronomy,  Ariz«ina  Slat*-  I luivi-rsily, 
'Ibmp**,  An/oua;  ‘Nh'liia  < ’orporatimt,  4!>l  Oka  Ktunituika  Anau, 
ibkti.shima-ken  774-8(;()|,  Ja|>an. 

Threading  dislocations  are  known  to  play  an  important  role  in 
determining  the  properties  of  InGaN  films  grown  on  GaN.  Previous 
studies  have  shown  tlie  optical  properties  of  InGaN  alloys  to  be 
closely  related  to  surface  morphological  defects  that  are  associated 
with  threading  dislocations  in  the  underlying  GaN  layer.  In  this  work, 
we  have  studie<i  tlu?  microslriicturc  and  optical  properties  of  lii(.iaN 


layers  grown  on  two  diirfreiit  GaN  layers  having  different  threading 
rliBloentton  ^h*nsiti«*s  <’)ix‘  is  siimdaivi  GaN  on  sapphire  and  the  other 
is  epitaxially  lal'-rally  ovrrgniwn  <i*aN  (EL<)<«).  'I'wo  distinct 
mechanisms  of  strain  relaxation  are  observed.  InGaN  epilayers  on 
GaN  are  fundamentally  pseudomorphic  and  undergo  eleistic  relaxation 
by  the  evolution  of  threading  dislocations  into  pyramidal  defects.  On 
the  other  hand,  epitaxy  on  ELOG  shows  that,  in  the  absence  of 
threading  dislocations^  the  film  undergoes  systematic  plastic 
relaxation  by  a  slip  process.  Periodic  arrays  of  misfit  dislocations  are 
observed  at  the  InGaN/GaN  interface.  Composition  measurements  by 
RBS  indicate  that  plastic  strain  relaxation  allows  incorporation  of 
more  indium  into  the  film  for  the  same  In/Ga  ratio  in  the  gaseous 
reactant  mixture.  Significant  improvement  in  optical  properties  i.s  also 
observed.  InGaN  films  grown  on  ELOG  exhibit  twice  the  luminescence 
intensity  and  a  more  Gaussian  peak  compared  to  those  grown  on 
regular  GaN.  Departures  from  Gaussian  behavior  in  InGaN  are  dix*  to 
a  low-energy  peak  ;vssoeinted  with  In-rtel)  regions.  'I'hese  regions  have 
been  shown  to  be  in  the  vicinity  of  pits,  which  nucleate  at.  threading 
dislocations.  Reduction  in  threading  dislocation  density  results  in  a 
smaller  intensity  of  the  low-energy  peak.  This  work  underlines  the  role 
of  threading  dislocation.s  in  strain  relaxation  mechanisms  and  optical 
properties  of  InGaN  epilayers. 
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Electrical  Characterization  of  Carbon- Doped  GaN  Grown  by 
Molecular  Beam  Epitaxy  Using  Thermally  Stimulated 
Current  Spectroscopy.  Zhaoqiang  Fang* ,  David  C  Look* ,  llol> 
Armitage*’®,  Qing  Yang**^  and  Eicke  R  Weber*’®;  *  Semiconductor 
Research  Center,  Wright  State  University,  Dayton,  Ohio; 

*  Department  of  Materials  Science  and  Engineering,  University  of 
California,  Berkeley,  California;  ® Materials  Science  Division,  Lawrence 
Berkeley  National  Laboratory,  Berkeley,  California. 

Understanding  the  properties  of  carbon- related  defects  in  GaN  is 
necessary  to  evaluate  the  influence  of  residual  C  comtamination  on 
the  material  properties.  In  this  study,  GaN:C  layers  were  grown  on 
soini-tn.stilating  (S!)  MOCVD-GaN  templates  by  pi  asm  a- assisted  MBF/ 
in  <Ja-rirli  roiKliiions  iisitig  ^  doping  sourc<'.  'Fliree  sampic.s, 

including  a  SI  MOCVD-GaN  sample,  were  characterized  by  using 
SIMS,  resistivity,  and  thermally  stimulated  current  (TSC) 
spectroscopy.  As  [C]  increases  from  3  x  10 cm"®  in  the 
MOCVD-GaN  to  2  x  10**  and  2  x  10*®  cm“®  in  the  lightly  and 
heavily  C-doped  M BE- GaN  samples,  resistivity  reduces  from  about  1 
X  10*  to  I  x  lO’^  and  1  xlO®  Dcm,  and  activation  energy  of  resistivity 
or  dark  current  decreases  from  0.70  eV  to  0.63  and  0,33  eV.  In  the 
SI-MOCVD  sample,  we  find  at  least  six  TSC  traps,  B  (0.63  eV), 

(0.51  cV),  C,  (0.44  cV),  C  (f).:t2  cV),  D  (0.23  eV),  and  E  (0.16  eV), 
which  are  very  similar  to  electron  traps  often  found  in  n-type  GaN 
films  by  using  d<*ep  level  transient  spectroscopy.  However,  in  the 
MBE-CJaN  sanjple  with  1  hr  lowrsi  value  of  [<’],  thr  only  ol>servr<| 
irap.s  are  B  aii<l  E,  an<l  l.lu*  ivlal  iv<«  trap  density  of  trap  E  over  trap  B 
is  significantly  reduced.  However,  in  the  MBE-GaN  sample  with  the 
highest  value  of  [C],  both  traps  E  and  B  are  suppressed,  and  instead, 
trap  Bx  is  prominent.  Based  on  the  studies  of  deep  centers  induced  by 
electron-irradiation  and  reactive  ion  etching,  we  believe  that  E,  D  and 
C  are  related  to  V/v  and  B  might  be  related  to  Vg«.  Incorporation  of 
[C]  in  GaN  introduces  CV  acceptors,  resulting  in  compen.sation  and 
formation  of  SI-GaN;  however,  more  (C]  cause  suppression  of  As 
oven  more  [C]  is  incorporated,  the  concentration  of  acceptors 
int  roduced  by  < ’-doping  actually  Hrcrcaxrs.  I'hi.s  is  at.t.ril>utod  to 
incorporation  of  an  iiicrejusiugly  large  fraction  of  total  carl.>on  in  tlio 
form  of  Cgo  or  a  related  complex.  The  heavily  C-doped  GaN  sample 
also  exhibits  very  stron  photocurrent,  and  persistent 
photoconductivity  at  83  K.  'riie.sc  phenomena  can  perhaps  be  related 
to  the  presence  of  Coa  DX-donors. 
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Microstructure  of  Nonpolar  a- Plane  GaN  Grown  on  (1120) 
4H-SiC.  Dmitri  N  Zakharov*.  Zuzanna  Tjilirnlal-VV#4)er* ,  Brian 
WagmT‘,  Zaeh  J  Ib-iimfi'-r*.  Edward  A  Breble*  and  Htib*.-rl.  F  Davis*; 
‘Lawrence  Berkeley  National  Laboratory,  Berkeley,  California:  *North 
Carolina  State  University,  Raleigh,  North  Carolina. 

III-V  nitrides  have  received  much  interest  as  a  promising  materia)  for 
laser  diodes  and  light  emitting  diodes.  Many  studies  have  shown  the 
presence  of  spontaneous  and  piezoelectric  polarization  within  the 
GaN-ba,sc<l  ari.jvc  layrns.  The  total  polarization  is  aligned  along  [0001] 
dir«M‘tiiiti  Thi.s  pohiri'/.utioii  k-ad.s  li»  high  inlc’rfiw**  •'linrg»“  dfiisili*  s 
uiid  .Hpaiiiil  ,s>'pur!i.tii»us  of  «  and  bolt-.n  wav<-  I'mih’I  loit.s  tii 

<{uanl.um  well  structures,  wliicli  alters  optoelectronic  properties  of 
devices.  One  of  the  possible  solutions  to  eliminate  these  effects  is  to 
grow  GaN-based  layers  in  nonpolar  directions.  In  this  paper  the 
microstructure  of  the  1  /im  thick  (1120)  (a-plane)  GaN  grown  on 
4H-SiC  substrate  with  AIN  buffer  layer  will  be  presented.  These 
nonpolar  GaN  layers  are  grown  by  organometallic  vapor  phase  epitaxy 
at  10I5®C.  F’lan-vicw  and  cross-section  samples  are  studied  by 
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traniimission  electron  microscopy.  Cross-section  images  reveal  crack 
formation.  Cracks  start  in  CaN  approximately  lOOnm  from  the  buffer 
layer  and  propagate  to  the  sample  surface.  Threading  dislocations 
with  the  density  of  ^4.0xl0'®cm~^  and  stacking  faults  (SFs)  are  also 
observed:  These  dislocations  are  mainly  partial  dislocations  which 
terminate  SFs.  'Kin-  <leiisity  of  SFs  is  ^I.fixlO*'  cm"’,  as  <l<rive<i  from 
plan-view  images.  High  re.soliition  electron  microscopy  shows  that 
majority  of  SFs  are  Ii  type  low-energy  planar  defects.  In  some  cases 
SFs  with  higher  formation  energy  are  also  observed.  Microstrnctiire 
and  defect  formation  mechanism  will  be  discussed  in  conjunction  with 
epitaxial  growth  process. 

Y6.29 

Structural  Study  of  V-Hke  Columnar  Inversion  Domains  in 
AIN  Grown  on  Saj>i>]iirn.  Jacck  Jasinski’.  Tomasz  Tomas7,ewicz‘, 
Zitxamia  Liliental- W<  l>»-r‘ ,  Qing  Sun-  Fadimno^  and  David  W 
Weyburne^;  ‘Materials  Science  Division,  Lawrence  Berkeley  National 
Laboratory,  Berkeley,  C'alifornia;  ®Air  Force  Hescarcli  Laboratory, 
Han.scom  AFB,  Massachu.setts. 

C- plane  sapphire  often  remains  the  substrate  of  choice  for  epitaxial 
growth  of  Ill-nitrides  films.  However,  due  to  the  large  lattice  and 
thermal  expansion  coefficient  mismatch  high  densities  of  structural 
<lefects  is  formed  insid*'  snr*li  nitride  films.  i>iirerent  types  of  .structural 
dehrts  (Ihrenditig  <li.slorati(>i)s,  dislocation  loops,  basal  stael<ing 
faults,  iianopipes,  and  inversion  domains)  in  <JaN  grown  on  sapphire 
have  been  addres.sed  by  numerous  studies.  On  the  other  hand,  much 
less  has  been  done  in  case  of  AIN  films  grown  on  sapphire  despite  the 
growing  interest  in  their  potential  applications  in  high  power  and  high 
temperature  devices.  Here  in  this  paper  we  will  report  on  structural 
study  of  V.sliai>c  columnar  defects  formed  in.nidc  AIN  films  grown  on 
nithdn1<  <l  c-plam>  sa|>phire  substrates.  It  will  b<‘  shown  llial  tlie.sr 
<l(Tects  eorrelal  e  with  small  isiamls  on  the  surface  that  are  observed 
by  atomic  force  microscopy  (AFM).  Moreover,  with  use  of  different 
techniques  of  transmission  electron  microscopy  (TEM)  we  identified 
these  defects  as  inversion  domains,  e.g.  V-shape  columns  of  AIN 
grown  with  opposite  polarity.  Strong  experimental  evidence  will  be 
provided  to  support  this  identification,  'riie  absolute  polarity  of  thesf 
inversion  domains  will  be  also  analyzed  and  the  model  of  inversion 
domain  boundaries  will  be  di.scussed. 

Y5.30  j 

Defects  In  Non- Polar  A-Plane  GaN  Films  On  R-Planc 
Sapphire  SubstrAtes.  Jinwoi  Yang,  Changqing  Chen,  jianping 
Zhang,  Wenhong  Sun,  llongmei  Wang,  Mikhail  Gaevski,  Vinod 
Adivarahan  and  M  Asif  Khan;  Depart,  of  Elect.  Bngr,,  Uni.  of  South 
Carolina,  Columbia,  South  Carolina. 

Recently,  high  quality  non-polar  a-plane  GaN  films  have  been 
successfully  grown  on  K-pIane  sapphire  substrates.  Significant  quality 
improvements  have  r<*.suUe<I  from  epitaxial  lateral  overgrowth  (FdX)G) 
nn<l  selective  area  lateral  epitaxy  (SALE)  proce<luros.  Both  the  SALE 
attd  the  ICLOG  processes  le.ad  to  much  lower  dislocation  densities  and 
sn)ooth  growth  surfaces.  We  now  report  TEM  defects  analysis  on 
conventional  low  pressure  MOCVD  grown  planar  a-plane  GaN 
templates,  and  fully  coalesced  ELOG  and  SALE  films.  For  this  study, 
(11-20)  plan  view  and  (1-100)  and  (0001)  cross  section  TEM  foils  were 
prepared.  Dislocation  densities  as  high  as  5xl0(10)/cm2  were 
meastjred  for  the  a-plane  GaN  template  samples.  For  the  ELOG 
samples,  it  remains  the  same  for  the  window  area  but  reduce.s 
dramatically  for  the  wing  area  material.  For  the  fully  coalesced 
a-plane  GaN  films  fron»  SALE,  the  dislocation  density  reduced  to 
below  our  TEM  measurement  limit.  AFM  images  of  the  SALE  sample 
surfaces,  etched  to  reveal  dislocations,  were  about  10(5)/cm2. 

Stacking  faults  were  found  to  be  present  both  in  the  ELOG  and  the 
SALE  a-plane  GaN  films.  We  will  pre.sent  the  details  of  the 
ELOCi/SALR  growth  procedures  and  a  model  that  explains  the 
mechanism  of  stacking  fanll  formation  in  them. 
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Forumtion  of  Defects  in  GaN  Grown  by  HVPE  on  a  Si C 
Substrate.  l,eonid  A.  Bendersky*,  IVnis  V  Tsvetkov^  and  Yuriy  V 
Melnik*;  ’NIS'F,  Gaithersburg,  Maryland;  ^'I'ceh riologies  and  Devices 
International,  Inc.l22M  Plum  Orchard  Dr.,  Silver  Spring,  MD  20004, 
USA,  Silver  Spring,  Maryland. 

A  defected  zone  in  the  IlVPIO-dcposited  GaN  was  investigated  by 
transmission  electron  microscopy  (TEM)  of  cross-section  and 
plan- view  specimens.  The  TEM  structural  analysis  has  shown  that  the 
defected  zone  is  formed  during  the  process  of  nucleation,  coalescence 
and  overgrowth  of  three-dimensional  islands.  The  islands  differ  by  a 
non-equivalent  translation  with  respect  to  the  reference  (substrate) 
lattice,  and  therefore  their  coalescence  results  in  formation  of 
translational  (stacking  fault-type)  boundaries.  For  the  processing 
conditions  n.sed  in  the  direct  IIVPE  deposition,  it  appears  that  the 
islands  adapt  a  shape  of  { 1 1 21] -faceted  truncated  pyramids. 

(•oniiniied  coalescence  an<l  overgrowth  of  the  crystallographically 


non-equivalent  grains  result  in  a  substructure  of  connected  (0001)  and 
{1120}  stacking  faiilts,  as  well  as  in  threading  dislocations.  A  density 
of  these  defects  decT<rases  as  the  growth  of  GaN  progresses,  thus 
determining  the  thickness  of  the  defected  zone.  Extend  of  the  defected 
zone  depends  on  nticleation  frequency  and  anisotropic  growth  rate  of 
<liirerent  crystallographic  faerts. 
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The  micros triictnro  axid  polarity  of  GaN  nucleation  layers 
grown  by  MOCVD  on  a-plane  sapphire.  Tomasz  Wojtowicz’, 
Pierre  Ruterana*.  Gerard  Nouet’,  Mark  E.  Twigg^,  Rich  L,  Henryk, 
Dan  D.  Koleske^  and  Alma  E.  Wickenden^;  ^LERMAT, 
ENSICAEN-ISMRA,  Caen,  Normandy,  France;  ^Electronics  Science 
and  Technology  Division,  NRL,  Washington,  District  of  Columbia; 
^Sandia  National  Laboratories,  Albu<|iterque,  New  Mexico;  ^Army 
Ue.search  l/Uboratory,  A<h  lplii,  Marylaii<l. 

For  the  last  deca<le,  <IaN  atjd  related  compounds  have  been  of  great 
interest  due  to  the  development  of  applications  such  as  high 
brightness  light-emitting  diodes  and  laser  diodes  operating  in  the 
blue/green  to  ultraviolet  range.  Significant  progress  has  been  achieved 
in  the  growth  process  of  GaN.  Most  of  the  work  done  on  GaN  has 
taken  into  account  layers  grown  on  the  (0001)  sapphire  plane. 

However  one  would  expect  the  growilt  on  the  (t  1-20)  plane  to  len<l  to 
<liirerenf.  .structural  <lefeet.s.  An  has  been  shown,  in  on«*  direction,  the 
inismalch  is  rather  small.  In  this  work,  wc  have  carried  oiit  structural 
analysis  of  nucleation  layers  grown  at  temperatures  ranging  from  600 
C  to  1100  C.  In  addition  we  have  investigated  layers  nucleated  at  the 
temperature  of  1028  C  by  varying  the  pressure  and  we  tried  to 
monitor  the  growth  mode.  It  is  shown  that  structural  parameters, 
such  as  f-lic  orientation  r<>iationships,  the  layer  morphology  and  the 
niK'h'ation  mrch.anism  criti<‘a!ly  <l»‘pend  on  the  growth  temperature. 

At  the  lowest  temperaf  ures,  the  growth  is  completely 
three-dimensional,  with  a  mixture  of  the  two  traditional  orientation 
relationships,  and  with  a  smalt  value  of  film  thickness  necessary  to 
achieve  coalescence.  The  A:  [10-10]sap//[ll-20]GaN  orientation 
relationship  predominates  and  the  layer  roughno.ss  tends  to  slightly 
decrease,  'fhe  A  orientation  n-latiori.Hliip  is  never  perf<-ct  and  there  is 
always  1..5  degree  misorientation  from  the  same  direction  in  sapphire, 
whereas  the  B:  [10-10]sap//[10-10]GaN  orientation  is  always  perfect. 
When  the  temperature  increases,  there  is  a  competition  between  the 
lateral  and  vertical  growth.  For  the  highest  growth  temperatures,  the 
lateral  growth  is  the  dominant  mechanism  and  the  nucleated  layers 
are  completely  flat  with  the  A  orientation.  However,  they  are  found  to 
contain  a  quite  large  number  of  defects  such  as  inversion  domains.  It 
is  concluded  that  the  growth  morphology  and  epitaxial  relationships, 
as  well  as  the  associated  defects,  may  be  directly  controlled  by 
tailoring  the  growth  conditions.  Because  the  growth  was  directly 
deposited  on  the  sapphire  surface,  we  have  also  investigated  the 
evolution  of  the  layer  polarity  using  CBED  analysis. 

YP.33 

Dislocation  Morphology  Evolution  in  Si-Doped  AlGaN/GaN 
Multiple-Quantum- Well.  Rong  Liu’,  F  A  Ponce’,  S-L  Sahonta®,  D 
Cherns®,  H  Amano®  and  I  Akasaki®;  ’Department  of  Physics  and 
Astronomy,  Arizona  State  University,  Tempe,  Arizona;  ®H.  H.  Wills 
Physics  Laboratory,  University  of  Bristol,  Bristol,  United  Kingdom; 
^Department  of  Materials  Science  and  Engineering,  Meijo  University, 
Nagoya,  Japan. 

AlGaN/GaN  multiplr-<|it:inttim-well  (MQW)  structures  are  typically 
used  in  ultraviolet  light  emitting  devices.  The  GaN  active  layer 
structures  have  much  lower  quantum  efficiency  than  devices  with 
InGaN  m  the  active  layer  due  to  a  stronger  non-radiation  effect  of  the 
dislocations.  Silicon-doping  of  the  AlGaN  barriers  has  been  found  to 
substantially  increase  the  luminescence  efficiency.  However,  if  the 
carrier  concentration  exceeds  4xlOE19  cm-3,  the  quantum  efficiency 
decreases.  In  this  work,  a  TEM  study  was  performed  on  a  set  of 
sample.s  with  incre.-vsing  doping  level  in  order  to  understand  the  effect 
of  doping  on  the  dislocation  morphology.  Cross-.section  and  plan-view 
image.s  show  that  nauopipes  change  to  hill-core  dislocations  when 
they  prop.agato  through  Si-dopo<l  MQW  structures.  Wc  believe  that 
modiilatioii  of  the  .strain  field  due  to  Si-<loping  is  responsible  for  the 
core-structure  evolution.  'Phis  observation  is  important  because 
nanopipes  are  believed  to  shorten  device  lifetime  by  creating  short 
circuits.  Si-doping  also  affects  the  surface  morphology  of  the  samples. 
Cross-sectional  images  indicate  that  all  dislocations,  regardless  of 
their  nature  (edge,  .screw  or  mixed),  open  up  as  surface  pits  due  to 
Si-doping.  Samples  without  Si-doping  do  not  exhibit  these  surface 
pits.  The  pit  size  increases  with  the  doping  concentration.  At  low 
doping  levels,  formation  of  the  pits  occurs  after  several  periods  of 
growth  of  the  MQW.  In  these  samples,  nanopipes  change  to  full-core 
dislocations  and  then  open  up  as  surface  pits  when  they  propagate 
through  the  MQW.  In  the  highly-doped  sample,  however,  the  pits 
form  at  the  beginning  of  the  MQW  growth.  Morphology  of  the  pits 
changes  from  hexagonal  to  circular  funnel  shape  with  increasing 
<loping  leveks.  Although  Si-doping  improves  the  quantum  efficiency  of 
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the  devices,  do^rndation  of  the  microstructiire  duo  to  the  impurity 
com  promises  the  etr^rt  ns  llu*  doping;  level  incrensos  to  lORUO  ciri-.‘5. 

Y6,34 

Striictiiral  Units  and  Energy  of  Grain  Boundaries  in  GaN. 
Gerard  Nonet.  Pierre  Kiiternna  and  Jun  Chen;  LERMAT, 

BNSICAEN,  Caen,  FVance. 

GaN  layers  grown  by  MBE  or  MOCVD  contains  a  high  density  of 
threading  dislocations.  They  may  form  low-angle  and  high-angle  grain 
boundaries.  The  atomic  structure  of  the  l/3<U-20>  edge  dislocation 
was  previously  investigated  by  HREM  and  atomic  calculation.  This 
dislooation  may  pro.seiit  thr<v  dilferent  cores  corresponding  to  tiu*  4, 
57  or  atom  ring.  1'he  tilt  grain  boundaries  around  <0001  >  are 
constructed  with  the  same  dislocations  and  these  three  cores  were 
identifi^^d  by  IIH.EM  in  th^'se  grain  boundaries.  The  potontial  onfrgy 
of  t|i<‘s«*  grain  l>otiii<lari«*s  in  tin-  range  (h-grors  was  cairn by 
using  tlie  Stillinger- Weber  potential  after  modification  to  take  into 
account  the  Ga-Ga  and  N-N  wrong  bonds  present  in  the  core  of  the 
defects.  In  tliis  work,  the  energy  of  other  grain  boundaries 
corres|>onding  to  lln*  diagonal  of  the  unit  cell  of  the  c<)inci<lrncc  site 
lattice  have  been  calculated  .'I'he  comparison  with  the  first  results 
corresponding  to  the  edges  of  the  unit  cell  shows  that  the  energy 
depends  on  the  type  of  structural  units  used  to  construct  the  grain 
boundary.  'Phe  57  atom  ring  leads  to  energy  values  lower  than  the 
57+57-  atom  ring.  This  difference  may  be  explained  by  considering 
the  Burgers  vector  associated  with  the  structural  units.  For  the  57 
atom  ring,  the  Burgers  vector  is  normal  to  the  grain  boundary  plane 
whereas  the  57+57-  atom  ring  is  charasterised  by  a  60  degree  Burgers 
vector  leading  to  a  residual  stress  in  the  boundary  plane.This 
suppeinentary  stress  is  expected  to  be  at  the  origin  of  the  largest 
energy  values  calculated  for  the  configurations  involving  the  57+57- 
al.om  ring. 

Pha.so  Sopnratioik  and  Atomic  Ordering  in  IiiGaN  Mixed 
Layers.  Mann  Itao,  Da^-woo  Kim,  Yongqian  Wang  and  Siibhasli 
Mtihutnit,  (Mu-inicitl  X:  Mnlfhals  Etigim*criiig,  Ari/oiiit  SltU»* 

University,  'IVinpe,  Arizona. 

Atomic  or<lering  ha.s  been  mainly  observed  in  InGaN  layers  grown  by 
MBE  but  has  been  reported  in  layers  grown  by  MOCVD,  Pha.se 
separation  has  been  ob.served  to  occur  in  alloys  with  higher  In 
contents.  Phase  .separation  and  ordering  affect  properties  such  as  the 
mobility,  band-gap  and  luminescence  behavior  and  thcrofope  are  of 
significant,  interest.  The  mechanisms  responsible  for  the  evolution  of 
the  ordered  structures  and  the  relationship  with  phase  separation  are 
not  well  understood  in  InfJaN  layers.  Using  MOCVD,  thin  GaN 
niicleation  layers  were  <lopo.siied  on  (0001)  sapphire  substrates  at  low 
temperntiire  followe<l  by  annealing.  The  annealing  restiltod  in  a 
change  in  the  niicrosl  ructure  to  give  larger  i.slaiids  bounded  by 
{ 10- 1  I )  facets,  in  one  sample  n.  thick  GaN  buffer  layer  was  then 
deposited,  which  planarized  the  surface,  and  this  was  followed  in  all 
samples  by  growth  of  InGaN.  Layers  containing  22%  and  28%  InN 
with  thicknesses  of  200nm  and  600nm  were  deposited.  Diffraction 
patterns  of  [10-10]  cross  sections  were  taken  using  TEM  to  detect 
evidence  of  atomic  ordering  and  phase  separation.  The  results  .show 
evidence  for  atomic  ordering.  The  (0001)  spot  is  a  systematic 
extinction  in  the  [10-10]  diffraction  pattern.  However,  this  and 
equivalent  superlatttce  spots  were  present  when  InGaN  was  deposited 
on  annealed  nuclealion  layers  but  not  when  deposited  on  GaN  buffer 
layers.  Therefore,  (10-11}  surface  facets  are  likely  responsible  for 
formation  of  the  ordered  structure.  The  superlattice  spots  were 
pre.sent  only  in  thicker  InGaN  films,  suggesting  that  the  structure  is 
only  weakly  ordered.  Phase  separation  was  detected  in  all  samples  in 
this  series.  Spots  in  the  diffraction  patterns  exhibit  satellites  oriented 
in  <l-2t0>  directions  relative  to  the  fundamental  reflections.  Tlio 
wavelengths  of  these  composition  modulations  were  calculated  to  be 
8-lOnm.  The  support  of  this  work  by  NSF  is  gratefully  acknowledged. 

Y5.30 

Analysis  of  IiiGnN-GaN  Qiiaiitiiin  Well  Chemistry  ait<l 
Interfaces.  Tim  M.  Smeeton^.  M  J  Kappers*,  J  S  Barnard*,  D  M 
Graham®,  P  Dawson®  and  0  J  Humphreys*;  *Department.  of 
Materials  Science  and  Metallurgy,  University  of  Cambridge, 

Cambridge,  United  Kingdom;  ®Department  of  Physics,  UMIST. 
Mancho.sler,  United  Kingdom. 

in  the  past,  the  localisation  of  oxcitons  in  InGaN/GaN  quantum  wells 
has  been  attributed  both  to  indium  composition  fluctuations  (indium 
"clustering”)  and  to  very  small  variations  in  the  widths  of  the  wells. 

We  have  studied  a  range  of  InGaN  quantum  well  samples  using  high 
resolution  transmission  electron  microscopy  (HRTEM),  high  angle 
annular  dark  field-scanning  TEM  (HAADF-STEM;  including  results 
from  an  aberration  corrected  STEM),  high  resolution  X-ray 
diffraction  (HRXRD)  and  X-ray  reflectivity  (XRR).  The  material  was 
grown  by  MOVPE  using  a  close  coupled  showerhead  reactor  with 


InGaN  growth  Lenqx-rat  iir<-s  between  7(J0  **(’  and  750  “G.  Dclaih-d 
photolumine.Hfvnro  (I’L)  nuMisiir<-nients  indicate  that  ioenlisation 
oceurs  <Hi  a  length  sfjih-  i^f  altoiii  2  nin  aii<l  that  oiir  sainph-n  have  a 
high  PL  internal  quantum  efficiency  (for  example  of  43%  for  a 
multiple  quantum  well  structure  with  room  temperature  peak 
emission  of  486  nni).  Our  evidence  suggests  that  the.se  InGaN  layers 
do  not  exhibit  the  kind  of  gross  indium  clustering  which  other  workers 
have  reported  for  their  material.  However,  from  multiple 
characterisation  techniques  we  detect  clear  evidence  for  asymmetry  in 
the  widths  of  the  interfaces  of  the  quantum  wells.  While  the 
GaN-InGaN  lower  interface  seems  to  be  fairly  abrupt,  the  InGaN-GaN 
upper  interface  is  more  graded.  This  is  indicative  either  of  atomic 
scab'  roiiglirning  <lnring  th*-  thin  InGaN  layer  growth  or  d«  lay#‘d 
indium  incorporation  into  the  GaN  barrier  once  the  indium  source  has 
been  switched  off.  Contrary  to  the  prevailing  opinion  in  the  literature, 
it  seenis  probabb-  that  oxrjton  loralisaf.ion  in  tlioao  sanipb*.H  is  not  /lin* 
to  .strong  variutioii.s  in  tli>-  alK^y  composition. 

Y5.37 

Deep  Defects  In  Fe-Doj>e<l  GaN  Layers  Analyse^l  By  Electric 
And  Photoelectric  Spectroscopic  Metlio<!s.  flartniiit  Witte, 

Kevin  Fluegge,  Andre  Krtschil,  Armin  Dadgar.  Alois  Krost  and 
Juergen  Christen;  Institute  of  Experimental  Physics,  University  of 
Magdeburg,  Magd«-burg,  Germany. 

Insulating  GaN  layers  are  essential  for  applications  in  high-frequency 
and  high-voltage  devices.  Iron  doping  of  the  GaN  layers  is  a  useful 
approach  to  produce  the  semi-insulating  properties,  however,  this 
changes  the  concentration  of  deep  defect  levels  and  introduces 
additional  impurities.  In  addition,  detailed  knowledge  of  the  complex 
compensation  mechanisms  in  iron-doped  GaN  layers  is  scarce  up  to 
now.  We  have  analyzed  defects  in  Fe-doped  GaN  layers  grown  by 
metaborganif*  vapor  pha.so  epitaxy  on  sapphire  as  w<^*ll  as  on  Si 
substraU-s  using  t<-mp<-r:itur<<-d<-p«-n(bu)t  Mnll  cdb-fl  (’rDII), 
photocuiTfiil  .spfctn>s.’»>py  {P<’),  thermal  iidmittam**-  s|><-etroseopy 
(TAS),  thermally  stinuilaled  currents  (I'SC),  as  well  as  <Ieop  level 
transient  speetroseopy  (DI/PS).  In  Si-doped  and  Si  -Fe  co-doped  tlaN 
liiyer.'i  we  foimd  a  strong  efunpensritioii  elferl  in  <»iir  'I’DII 
measurements  as  well  as  changes  in  the  defect  spectrum  determined 
by  Dl/rS  an<!  'PAS.  With  increasing  Ke-doping  level  the  re.sistivity 
increases.  A  p-iype  conductivity  is  obtained  for  high  Ke  content  and  a 
dominant  acceptor  with  an  activation  energy  of  about  (450+40)  meV 
is  found  in  TDH,  In  the  PC  and  TSC  spectra  deep  defect- to- band 
transitions  and  defect  emi.ssions  at  energies  between  0.8cV  and  0.0  eV 
were  observed  which  are  related  to  Fe  defect  states.  In  the  n-typo 
Ec-doped  samples  other  traps  with  activation  energies  at  350  meV  and 
600  nieV  wc.ro  /b-terted  by  'PAS  and  I’SC,  whereas  shalb>wer  <l<rfect 
states  were  found  to  be  suppre.ssed.  Quenching  effects  caused  by  an 
additional  sul>-band  gap  illumination  vanishes  with  increasing  Fe 
incorporation.  Based  on  the.se  results,  the  influence  of  the  Fe  doping 
of  the  componsaMon  mechanism  will  be  discus.sed  in  detail. 

Y5.38 

Identification  of  Carbon- related  Bandgap  States  in  GaN 
Grown  by  MOCVD,  Andrew  Michael  Armstrong*,  Aaron  R. 
Arehart*,  Brendan  Moran®,  James  S.  Speck®,  Umesh  K.  Mishra®, 
Steven  P.  DenBaars®  and  Steven  A.  Ringel*;  *  Electrical  Egineering, 
The  Ohio  State  University,  Columbus,  Ohio;  ®Matena!s  Department 
and  Electrical  and  Computer  Engineering  Department,  University  of 
California,  Santa  Barbara,  Santa  Barbra,  Ohio. 

Carbon  doping  of  GaN  is  of  great  interest  in  part  because  it  has  been 
shown  to  re.sult  in  semi-insulating  behavior.  However,  determination 
of  the  bandgap  states  and  hence  the  exact  mechanism  responsible  for 
the  SI  behavior  is,  to  date,  an  unresolved  issue.  A  key  impediment  is 
that  the  presumed  C  acceptor  levels  are  likely  near  the  minority 
carrier  (valence)  bandedge  of  otherwise  background  n-type  GaN,  and 
hence  their  precise  detection  by  usual  methods  is  difficult.  In  this 
paper,  we  exploit  the  inherent  ability  of  deep  level  optical 
spectroscopy  (DLOS)  to  detect  states  near  the  minority  carrier  band 
edge,  as  well  as  potentially  deep  states  a.s.sociated  with  C  in 
background  n-type  GaN.  'riu.s  is  accomplished  by  comparing 
unintentionally  doped  (uid)  GaN  grown  by  atmospheric  pressure  (AP) 
MOCVD,  which  has  a  residual  n-type  conductivity,  with  LP  MOCVD 
GaN  that  incorporates  a  large  concentration  of  C  for  both  uid  and 
intentionally  Si  co-doped  conditions.  The  results  show  the  emergence 
of  a  shallow  state  at  £<.  -  3.28  eV  {E„  +  0.16  eV)  for  the  LP  samples 
with  a  minimum  concentration  of  3.6  x  10*®  cm“®  that  efficiently 
compensates  Si  donors  for  the  co-doped  sample,  and  results  in 
semi-insulating  behavior  for  the  uid  LP  sample.  In  contrast,  this  state 
is  not  observed  for  the  AP  GaN  material,  which  incorporates  a  factor 
of  ^10  times  less  C,  and  instead  only  the  expected  residual  Mg 
acceptor  level  at  Ec  -  3.22  eV  is  observed.  Additionally,  a  state  at  Ec  - 
1.35  eV,  near  the  theoretically  expected  C  split-interstitial  level  in 
n-type  GaN,  is  observed  to  increase  significantly  in  concentration  with 
increased  C  concentration.  The  relation  between  the  presence  of  C 
and  both  shallow  and  deep  states  throughout  the  GaN  bandgap  for 


both  LP  and  AP  MOCVD  growth  will  be  discussed. 

Y5.30 

Band  Bending  near  the  Surface  in  GaN  as  Detected  by  a 
Charge  Sensitive  Probe.  Shariar  Sabiiktagin, 

Michael  A.  Kcshcliikov.  Ali  'I'ckc,  Seydi  Dogan,  Joshua  Spradlin, 
Daniel  Johnstone  and  Hadis  Morkoc;  Electrical  Engineering,  VCU, 
Riclunond,  Virginia. 

GaN-based  optical  and  electronic  devices  have  progressed  rapidly  in 
recent  years.  However  only  a  little  attention  has  been  given  to  the 
affect  of  the  surface  on  the  properties  of  GaN  and  related  devices.  It 
is  well  known  that  the  surface  of  undoped  GaN,  both  atomically  clean 
and  practical  (chemically  cleaned,  air-exposed),  exhibit  an  upward 
band  bending  of  the  order  of  1  eV  [1].  It  is  also  known  that  a  thin 
oxide  layer,  as  well  as  desorbed  oxygen  atoms,  covers  the  GaN  surface. 
We  measured  the  absolute  value  of  surface  band  bending  with 
Dimension  3100  atomic  force  microscope  in  the  surface  potential 
mode.  Platinum  coated  tips  were  calibrated  with  respect  to  a  100  nm 
gold  film.  Surface  potential  measurement  on  our  GaN  samples  showed 
an  tipward  band  bending  of  about  0.7  eV.  The  samples  stored  in  dark 
for  one  week  showed  an  increase  in  band  bending  by  up  to  0.1  eV.  The 
effect  of  UV  exposure  (with  a  pulse  nitrogen  laser)  on  band  bending 
was  studied  in  detail  for  selected  sample.s.  Typically,  the  surface 
barrier  decreased  by  about  0.2  eV  and  the  decrease  saturated  at 
excitation  intensities  above  10*^  photons  per  pulse.  Very  slowly  (by  a 
logarithmic  law)  the  barrier  got  restored  in  dark  at  room  temperature. 
These  and  other  similar  phenomena  are  preliminarily  explained  by  the 
combination  of  photo-induced  desorption  of  oxygen  from  the  surface 
and  thermionic  transfer  of  free  electrons  from  the  bulk  to  the  surface 
st.ate.s.  [I]  V.  M.  Bermudez,  J.  Appl.  Phys.  80,  1190  (1996). 

YD.40 

Reciprocal  Spa<!c  Mai>piug  of  X-Ray  Diffraction  Intensity  of 
GaN- Based  Laser  Diodes  Grown  on  GaN  Substrates. 

Koichi  Tacbibana,  Yoshiyuki  llarada,  Shinji  Saito,  Shinya  Nunoue, 
Hiroshi  Kat.suno,  (’hie  Hongo,  Genichi  Hatako.shi  and  Masanki 
Otiottiura;  (Corporate  K.t^D  ( Vnter,  1'oshiba  Corp.,  Kawa.saki,  Japan. 

We  clearly  show  the  difference  in  reciprocal  space  mapping  (RSM)  of 
x-ray  diffraction  (XRD)  intensity  of  GaN-based  laser  diodes  (LDs)  on 
various  GaN  templates  such  a.s  GaN/sapphire  and  GaN  substrates. 

'I'hc  tilt  distribution,  derived  from  the  RSM  of  XRD  intensity  of  the 
LDs  grown  on  GaN  substrates,  is  smaller  than  that  of  the  LDs  grown 
on  GaN/sapphire.  This  result  indicates  GaN  substrates  are  favorable 
to  realize  the  superior  LD  characteristics.  The  LDs  have  the  same 
structure  of  separate-confinement-heterostructure  except  for 
substrates:  GaN  substrate  and  GaN/sapphire.  The  RSM  was  recorded 
of  x-ray  intensity  around  the  a.symmetric  (10-15)  diffraction  from  the 
LD  structures  grown  on  GaN  substrate  and  GaN/sapphire.  The 
incident  beam  was  the  x-ray  with  CuKorl  radiation  (A  =  0.154056 
nm)  through  the  asymmetric  four-crystal  Ge  (220)  monochromator. 
AlC^aN  and  InGaN  were  fully  strained,  from  the  RSM  of  the  LDs  both 
on  GaN  substrate  and  GaN/sapphire.  However,  the  distribution  of 
XRD  intensity  in  these  njaps  was  quite  different.  The  full  width  at 
half  maximum  in  w-scan  of  XRD  from  the  LDs  on  GaN  substrate  was 
reduced  to  be  a.s  small  as  60%,  compared  with  that  value  of  the  LDs 
on  GaN/sapphire,  Therefore,  it  was  found  that  the  tilt  distribution  of 
the  LDs  on  GaN  substrate,  corresponding  to  the  broadening  of 
u»-8can,  was  smaller  than  that  on  GaN/sapphire.  We  will  demonstrate 
the  device  characteristics  of  these  LDs  at  the  meeting. 

Y6.41 

Tliornial  Stability  of  Iricliiixu  Schottky  Contacts  on 
n-Alj-Gai-xN.  Almaz  Kuliev.  Deepak  Selvanathan,  Vipan  Kumar, 
Seiyon  Kim,  Gabriel  Cueva  and  Ilesanmi  Adesida;  Department  of 
Electrical  and  Computer  Engineering,  University  of  Illinois  at 
Urbana-Champaign,  Urbana,  Illinois. 

Group  Ill-nitride  semiconductors  offer  great  promise  for  high-power 
and  high-temperattire  applications  due  to  the  materials’  superior 
electronic  properties.  In  this  report,  we  will  present  results  on  the 
development  of  thermally  stable  Schottky  contacts  for 
high-temperature  applications.  The  effects  of  rapid  thermal  annealing 
on  the  electrical  and  materials  characteristics  of  iridium  Schott  ky 
contacts  qn  n-type  GaN  and  Alo.zsGao.rsN  were  investigated. 

Effective  barrier  heights  were  obtained  from  current- voltage  (l-V)  and 
capacitance-voltage  (OV)  measurements  for  diodes  upon  annealing  in 
nitrogen  ambient  at  temperatures  varying  from  400  to  850  *C. 
Electrical  characteristics  (effective  barrier  height,  ideality  factor  and 
reverse  leakage  current)  of  iridium  diodes  on  Alo.25Gao,75N  were 
found  to  be  stable  for  annealing  temperatures  up  to  700  *C,  while  the 
diode.s  on  GaN  exhibited  degradation  at  500  ^C.  We  will  present 
results  from  further  examination  of  the  annealed  Ir/AL.<»ai«.j.N 
systems  on  depth  profiling  by  means  of  Auger  electron  spe<'tro.scopy 
as  w<‘II  as  the  detection  of  po.ssibIe  intermotallic  and  interface  reaction 
products  by  x-ray  diffraction  (XRD)  and  x-ray  photoelectron 


spectroscopy  (XPS),  respectively.  Results  show  the  potential  for  using 
iridium  Schottky  contacts  for  the  fabrication  of  GaN-based  transistors 
for  high- temperature  applications. 

Y5.42 

High  reflective  Ni/Aii  ohmic  contact  on  fv-type  GaN  using  Ag 
reflector  for  flifv-chip  LEDs.  Soo  Young  Kim,  Hak  Ki  Yu,  Ho  Won 
Jang  ami  Jong-Lam  Lee;  D»*partment  of  Materials  Science  and 
Engineering,  Pohatig  University  of  Science  and  Technology 
(POSTECH),  Pohang,  South  Korea. 

Nitride  semiconductors  are  crucial  materials  for  short- wavelength 
optoelectronic  devices,  such  as  light-emitting  diodes  (LEDs), 
photodetectors,  laser  diodes  and  so  on.  In  conventional  top-emission 
LEDs,  a  large  fraction  of  photons  generating  from  AlGaN|lnGaN 
multi  quantum  well  is  absorbed  by  the  p-electrodes  and  bonding  pads, 
reducing  external  quantum  efficiency.  In  order  to  improve  the  external 
quantum  efficiency  and  current  spreading  problem,  fabricating  a 
flip-chip  type  LEDs  has  been  attempted.  An  achievement  of  low 
resistant  and  high  reflective  p-electrode  is  crucial  for  large  area 
flip-chip  LEDs.  In  this  letter,  we  report  an  oxidized  NilAujlTOjAg 
ohmic  contact  with  a  low  resistance  and  high  reflectance  on  p-type 
GaN.  For  the  evaluation  of  contact  resistivity  on  p-type  GaN,  TLM 
test  structure  was  formed.  Ni  (20  A)  and  Au  (30  A)  metals  were 
deposited  in  sequence  by  electron  beam  evaporator,  followed  by 
pre-annealing  the  NijAu  metals  at  500  ®C  under  O2  ambient 
(reference  sample).  Then,  the  sample  was  made  by  depositing  of  ITO 
(600  A)  film  on  the  reference  sample  by  RF  magnetron  sputtering, 
followed  by  depositing  Ag  or  Al  (600  A)  by  thermal  evaporator.  After 
annealing  at  500  under  O2  ambient,  a  specific  contact  resistivity 
as  low  as  3.2  X  10”'  Dcm^  was  obtained.  The  reflectance  of 
Ni|Au|rrO|Ag  contact  was  higher  abotit  15  %  than  that  of  Ni|An  one. 
X-ray  diffraction  prolilc.s  an<l  Anger  electron  depth  profiles  showed 
that  the  ITO  layer  acts  as  a  diffusion  barrier  for  indiffusion  of  Ag  into 
the  Ni|Au  layers,  providing  the  low  resistant  and  high  reflective  ohmic 
contact  on  p-type  GaN  for  flip-chip  light  emitting  diodes.  Therefore, 
it  is  consid<*rer!  that  Ni|An|rrO|Ag contact  could  be  a  promising 
|>-elcclrode  for  a  reflective  ohmic  contact  to  GaN-based  fliivchip 
LEDs. 

Y5.43 

GaInN  Light- Emitting  Diodes  with  Omni-Directional 
Reflectors  Using  Rare-Earth  Metal  Oxides.  Jong  Kyu  Kim, 
Thomas  Gessmann,  Yun-Li  Li  and  E  F  Schubert;  ECSE,  Rensselaer 
Polytechnic  Institute,  Troy,  New  York. 

A  novel  GaInN  light-emitting  diode  (LED)  structure  employing  an 
omni-directional  reflector  (ODR)  using  rare-earth  conducting  metal 
oxides  is  pre.sented.  The  triple  layer  of  the  ODR  consists  of  p-type 
GaN,  quarter- wavelength  thickness  of  RUO2  or  lr02  and  silver  layer. 
The  RuOa/Ag  and  the  Ir02/Ag  contacts  serve  as  ohmic  contacts  to 
the  p-type  GaN.  It  is  shown  that  the  ODR-LEDs  have  higher 
light-extraction  efficiencies,  better  electrical  properties  and  thermal 
stabilities  than  the  LEDs  with  conventional  Ni/Au  contacts  and 
ITO/Ag  contacts.  The  GaInN  LED  structure  was  grown  by 
metal-organic  chemical  vapor  deposition  on  c-plane  sapphire  substrate 
and  consists  of  a  thick  n-GaN  buffer  layer,  an  n-GaN  lower  cladding 
layer,  a  GalnN/GaN  multiple  quantum  well  active  region,  a  p-GaN 
upper  cladding,  and  a  highly  doped  contact  layer.  LED  mesa 
structures  were  obtained  by  dry-etching.  Ti/Al/Ni/Au  ohmic  contacts 
to  n-GaN  were  deposited  and  annealed  at  600  under  N2  ambient. 
Then,  Ru  or  Ir  was  deposited  on  p-GaN  and  annealed  at  500 
under  O2  ambient  to  form  quarter- wavelength  thickness  of  RUO2  or 
Ir02,  respectively.  Finally,  Ag  reflecting  layers  were  deposited.  For 
comparison,  LEDs  with  conventional  Ni/Au  and  ITO/Ag  contacts  on 
p-type  GaN  were  fabricated  on  the  same  wafer.  High-resolution  x-ray 
diffraction  and  x-ray  photoemission  spectroscopy  results  show  that 
metallic  Ru  and  Ir  contacts  transformed  to  virtually  transparent 
Ru02  and  Ir02  after  the  oxidation  annealing.  RUO2  and  Ir02 
contacts  to  p-type  GaN  show  much  lower  contact  resistivities  than 
ITO/Ag  contacts  and  are  comparable  to  conventional  Ni/Au  contacts. 
In  addition,  the  light  power  extracted  from  the  ODR-LEDs  is 
significantly  larger  than  that  from  conventional  LEDs.  This  can  be 
attributed  to  better  light  extraction  efficiency  due  to  the  use  of 
Ru02/Ag  or  IrOo/Ag  omni-directional  mirrors.  Furthermore,  Ru02 
and  Ir02  layers  restrain  the  degradation  of  contacts  due  to  the 
diffusion  of  silver  into  p-type  GaN  surface  at  an  elevated  temperature, 
leading  to  a  good  thermal  stability  of  the  GaInN  ODR-LEDs. 

Y5.44 

High  Quality  Metal/Tin  Oxide  Ohmic  Contacts  to  p-type 
GaN.  Dong- Seek  Leem^  J.  O.  Song\  H.-G.  Hong\  J.  S.  Kwak^,  O. 

H.  Nam^,  Y.  Park^  and  T-Y.  Seong*;  'Department  of  Materials 
Science  and  Engineering,  Kwangjii  Institute  of  Science  and  Tecluiology 
(K-JIST),  Kwangju,  .500-712,  South  Korea;  ^Photonics  Lab.,  Samsung 
Advanced  Institute  of  Technology,  Suwon,  440-600,  South  Korea. 
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Konimlioii  of  high  quality  ohnhc  contacts  to  p-(IaN  is  one  of  th**  kt-y 
issues  for  the  further  iinprovefnent  of  the  performance  of  optical 
devices  such  as  high  power  l/BDs  and  LDs.  Oxidized  Ni/Au  contacts 
ar^  rurr#'|itly  I'^’ing  ns*'/!  as  ohmic  contact  electrodes  for  conitnercial 
LKDn.  IIow»*v<t,  this  ••onljvt  is  ivM|ijiri*<!  to  tinprov<>  tli«*rnuil  sinhility 
ari<l  traiijlparcncy.  ll«-contly»  reliable  ohmic  motallization  schemes 
using  iransparcul  conducting  oxides  (T'COs),  such  as  indium  tin  oxide 
(rro)  an<l  AI-dope<l  zinc  (>xif|e  (AZO),  have  l>een  itiv<'stigatfd.  In 
particular,  the  use  of  AZO  (dr^Onni)  was  found  to  be  fairly  eflV^ctive  in 
improving  ih«*  »-l*'ctrical  and  optical  properties  of  ohmic  contacts.  In 
this  wi»rk,  w«*  inv«-st igat«‘  prutiii.sing  iUftal/'I't  ■()  scli«’iin*s,  sii-’h  as 
Ni/liii  oxi<le  (StiOl*)  and  l{ii/tin  oxide  (Sn02),  for  us**  in  producing 
high  quality  ohmic  contacts  to  p-GaN  (5xl0”^cm“’).  It  is  shown  that 
both  the  contacts  show  linear  current-voltage  characteristics  with 
increasing  annealing  t«'mperaluro.  Measiirenjents  show  that  s|>«*cinc 
contact  resistances  an-  in  the  range  of  icin'*  when  annealed  at 

450-550®C  in  air  ambient.  The  light  transmittance  of  the  contacts  is 
shown  to  be  comparable  to  other  schemes  reported  at  wavelengths  in 
the  range  of  4fi0  nm.  Based  on  x-ray  photoemission  spectroscopy  and 
Auger  electron  spectro.scof>y  results,  possible  mechanisms  for  the 
formation  of  oxidized  metals/TCO  ohmic  contacts  are  described  and 
di.sciissed. 

Y5.45 

Time  Resolved  Photoluminescence  of  Si>doped  High  Mole 
EVaction  AlGaN  Epilayers  Grown  by  Plasm  a- Enhanced 
Molecular  Beam  Epitaxy«  Madalina  Furis^.  Alexander  N. 
(’artwright*,  Jeonghyun  Hwang^  and  William  J.  SchafT^;  ’Rledrical 
Kngin*-*.*ring,  Univ^Tsif  y  of  Ihiffalo,  Buffalo,  Now  York;  ^Electrical 
Kngin*>eriiig,  (Cornell  University,  Ithaca,  New  York. 

Despite  th#*  significani  progress  made  in  the  development  of  UV 
emitters,  the  fabrication  of  UV  LCDs  and  laser  diodes  remains  a 
challenging  problem  due,  in  part,  to  the  difficulties  encountered  in  the 
growth  of  high  A1  content  AIGaN.  Ultimately,  AlGaN  materials  must 
bo  grown  with  reduced  defect  densities  and  high  levels  of  both  n-  and 
p-type  doping,  Here,  we  report  on  detailed  temperature  dependent, 
time-resolved  photoluminoscencc  (PL)  studies  of  Si-doped  AlCJaN 
epilayers.  In  thes<'  samples,  the  A1  concentration  varies  from  25^.  to 
fi(y%.  'I'he  samples  wen*  found  to  exhibit  metallic- like 
l.omperature-indepen<lent  conductivity.  The  deep  level  ’’yellow" 
emi.s.sir>n,  who.s**  pres»-nee  woul<i  indicate  the  existence  of  a  larg«* 
numlu*r  of  ileb'cl.s  associated  with  growth,  Si  incorporation,  and/or 
alloy  fontmtion,  is  absent.  In  addition  to  cmi.ssion  corresi>onding  to 
the  donor-bound  exciton,  the  PL  spectrum  exhibits  features 
assoeiaN-d  with  trausitions  involving  localized  carriers.  'Phis 
assignm**n(  of  the  emission  mechanisms  is  ba.sed  on  the  activation 
energies  extracted  from  the  temperature  dependent  photoluminesccnce 
fpieiiching.  Specifically,  at  room  temperature  the  PL  spectrum  is 
<loniiiiated  by  transitions  involving  localized  stales.  The  localization 
energy  varied  from  sample  to  sample  and  was  observed  to  be  between 
I  lOmeV  to  280meV.  The  excitonic  PL  decay  time  was  0.5ns  at  15K 
and  decrea.scd  to  0.1ns  at  room  temperature.  These  measurements 
indicate  that  large  electron  concentrations  can  be  achieved  in  high  A I 
mole  fraction  AlGaN  epilayers  grown  by  plasma-enhanced  molecular 
beam  epitaxy  without  quenching  of  the  band  edge  UV  emission. 

'I'hese  Si-doped  AlGaN  layers  can  be  used  as  n-type  contact  layers  as 
well  as  active  layers  in  light  emitting  diode  structures. 

Y5.40 

Efforts  of  surface  passivation  in  AIGaN/GaN  lioterostructure 
ffol<l  olfoct  transistor.  <^hang  Min  Jeon*,  Jae-Hoon  l^e^,  Jung-Hee 

Mi-Kan  I*ark‘^,  Kyu-Suk  Lee'^  and  Jong-Lam  I^ee^  *  Materials 
Science  and  Engineering,  POSTECH,  Pohang,  Gyeongbuk,  South 
Korea;  ^Electronic  and  Electrical  Engineering,  Kyunpook  National 
University,  Daegu.  <  Jy<*ongbuk,  South  Korea;  ’^Electronics  and 
'releconiiiiuiiicat ions  Besearch  Institute,  Daejeon,  Clioong  Nam,  South 
Korea. 

'Pho  AltlaN/GaN  hetero.structure  field  effect  transistors  (HFETs) 
have  been  considered  to  be  one  of  the  most  promising  candidates 
because  of  their  potentially  superior  performance  for  high  power  and 
high  fnv|uency  »'leftronir  devices.  It  has  been  reported  that  surface 
passivation  with  a  <li<'lectric  such  ns  amorphoti.s  silicon  nit  rid*-  can 
greatly  reduce  the  amount  of  trapping  In  a  HFET,  resulting  in 
significant  improvement  of  available  output  power  performances. 

These  improvements  could  be  due  to  the  reduction  of  the  traps,  either 
bulk  or  surface,  which  cause  loss  of  output  power.  However,  the 
AiGaN/<JaN  hetorostnict  tire  does  make  the  devices  sensitive  to  strain 
and  the  passivation  layer  of  amorphous  silicon  nitride  can  affect  the 
AKIaN  layer  with  the  strain.  H’lius,  it  is  important  to  investigate  the 
effect  of  surface  passivation  in  AIGaN/GaN  HFET  in  terms  of  traps 
for  electrons  and  strain  applied  to  the  AlGaN  layer  by  silicon  nitride. 
However,  no  works  has  been  conducted  on  the  effect  of  strain  in 
AIGaN/GaN  HFET  with  surface  passivation.  The  maximum  drain 
current  density  (Ir»,«jt  )  of  AIGaN/GaN  IIFET  was  dramatically 
increased  by  1 1 .0  %  after  the  passivation  of  500  nm-thick-silicon 


nitride.  In  order  to  itivestigate  the  mechanism  of  flleets  in  surface 
passivation,  the  stress  measurement,  deep  level  transaction 
spectroscopy  (DI/I'S),  and  transconductance  (g„,)  dispersion  were 
employed.  The  stre.ss  measurement  shows  that  the  curvature-radius  of 
AlGaN  layer  on  heior»>Hlrucl  ur<*  decr<*iuHc<l  from  10,08  to  17.01  m 
corresponding  to  12.17%.  It  means  that  the  tensile  strain  applied  to 
the  AlGaN  increase  and  the  2  dimensional  electron  densities  at  the 
iiiL-rface  of  AI<IaN  aivl  tlaN  also  increase  due  to  tin*  piezf><*h*ct,ric 
effect  by  Ih#-  passivation,  'fhe  snrfaco  trap  densities  for  electrons 
decrea.serl  by  tlie  silieon  nitride  |>a.ssivation.  Prom  the.se  analyses,  the 
•  ‘ir*-.*t  of  siirfa*-**  pas.'tivalK 111  in  Al<»i\N/<IaN  IlFF/r  will  !*•'  ilt.Hi-uss»*d 

Y5.47 

Anomalous  composition  <lopciidenco  of  optical  onci'gios  of 
MDE-growii  IiiGnN.  Isab*  !  j*< •  r nu 1 1 d ez-^Po r rtui t<* ^ .  I).  Amabil**'**, 
R.W.  Marlin'*,  K.l*.  CDonnell'*,  J.F.W.  Mosselmans*,  E.  Callcja’^  and 
F.B.  Naranjo^;  'Synchroton  radiation  Department,  CLRC  Daresbury 
Laboratories,  Warrington,  England,  United  Kingdom;  ^University  of 
Strathclyde,  Glasgow,  Scotland,  United  Kingdom;  ®ETSI 
Telecomunicacion,  Universidad  Politecnica  de  Madrid,  Madrid,  Spain. 

Two  main  methods  are  u.sed  for  InxGal-xN  growth:  high-temperaturo 
Metalorganic  Chemical  Vapour  Deposition  (MOCVD),  proven  to  be 
successful  for  the  growth  of  materials  for  commercial  devices  with  low 
InN  content  (x<0.3),  and  low- temperature  Molecular  Beam  Epitaxy 
(MBE),  with  better  prospects  for  obtaining  higher  InN  fractions 
(x>0.5).  A  direct  comparison  between  MOCVD  and  MBE  InGaN 
epilayers  with  similar  InN  concentration  has  been  performed  for  the 
first  time.  'Fhe  InN  fraction  in  available  MOCVD  epilayers  varies  from 
0  to  0,4  while  in  our  MBE  samples  the  range  is  0.15-0.35.  Wavelength 
Dispersive  X-ray  (WDX)  analysis  and  Extended  X-ray  Absorption 
Fine  Stnirtiire  (EXAf'S)  spectro.scopy  were  performed  to  <ietermine 
the  composition  of  tlie  sarnple.s,  Iri-sitii  cathodoliiminescericc  (f.'L)  and 
ex-situ  photolumincscence  (I*L)  energy  mapping  were  combined  with 
large- area  optical  absorption  spectroscopy  in  order  to  assess  the 
optical  properties  of  the  materials.  The  composition  dependencies  of 
the  optical  energies  are  found  to  vary  with  the  growth  method.  The 
trendline  of  absorption  bandgap  and  PL/CL  peak  energy  versus  InN 
fraction  is  linear  in  both  cases.  The  energy  obtained  for  zero  InN 
concentration  in  MO(*VD  epilayers  is  clo.se  to  the  wurtzite-GaN 
bandgap  of  .3.4  oV  at  room  temperature,  while  the  equivalent  figure 
for  MBE  samples  is  Ix-low  .3.2  eV.  We  will  attempt  to  explain  this 
behaviour. 

Y5.48 

Aiiisotropic;  Dielectric  Properties  Of  GaN  Epilayers  On 
Sappliire.  Nelson  H.owe||.  Gnolin  Yu  and  Davi<l  Lockwoo*!;  National 
Research  Council  Canada,  Ottawa.  Ontario,  Canada. 

I’olarized  infrared  reflectance  from  300  to  1200  cm“^  at  different 
incidence  angles  was  measured  for  sapphire  and  GaN/sapphire 
samples.  The  approximately  1300  nm  thick  film  of  GaN  was  grown  on 
c-plane  sapphire  by  MOCVD  without  a  buffer  layer.  Because  of  the 
hexagonal  structure  of  sapphire  and  GaN,  their  uniaxial  optical 
properties  are  anisotropic.  In  the  p-polarized  reflective  spectrum,  we 
can  observe  the  mixed  effect  between  the  distinct  infrared- active 
modes  with  dipole-moment  oscillation  perpendicular  (Iti-mode)  and 
parallel  (A-mode)  to  the  c  axis.  The  contribution  of  the  A-mode 
increased  with  increasing  incidence  angle.  Therefore,  we  were  able  to 
obtain  simultaneously  the  infrared  dielectric  functions  parallel  and 
perpendicular  to  the  c  axis,  by  fitting  simultaneously  three  polarized 
reflectance  spectra  at.  three  different  incident  angles  with  a  suitable 
model.  In  the  procedure,  wc  adopted  a  new  fitting  technique,  which 
we  had  proposed  previously  [l],  i.e.,  fitting  the  first  numerical 
derivative  of  the  polarized  reflectance  spectra  to  improve  the  accuracy 
of  the  pitonon  paramett-rs  and  to  overcome  the  inconsistency  between 
ilu*  nKxlrl  aiKl  mrasurvuienl.  in  the  whole  frequency  range.  Excellent, 
agreement  has  been  obtained  between  the  measured  and  fitted  first 
derivative  reflectance  spectra  for  both  the  sapphire  and  GaN/sapphire 
samples.  The  dielectric  information  thus  obtained  for  sapphire  and 
GaN  are  of  greater  accuracy  than  those  reported  previously.  {!]  G.  Yu, 
N.  L.  Rowell,  D.  J.  Lockwood  and  Z.  R.  VVasilewski;  submitted  to 
Applied  Physics  Ix?tter.s. 

Y5.40 

Prism-Coupling  Measurements  of  the  Refractive  Index  and 
Birefringence  of  IiiGaN  layers  Grown  on  GaN  films. 

Norman  A  Sanford*.  M  R  Krames*  and  A  Munkholm^; 
’Optoelectronics  Divi.sion,  N.aiional  Institute  of  Standards  and 
3<*chnology,  Boiildor,  t’olora^lo;  ^Luniileds  Lighting,  .San  Jos**, 
California. 

Prism-coupling  methods  combined  with  multilayer  birefringent 
waveguide  analysis  were  used  to  measure  the  ordinary  and 
extraordinary  indices  of  refraction  of  InxGal-xN  layers  that  were 
grown  on  <JaN  lilin.s.  Sapphire  (jDOOI)  was  used  as  the  .substrate  in 
MOCVD  growth  of  all  the  InxGal-xN/GaN  structures  examined. 


Several  sampicn  wore  studied  with  x  varying  from  0  to  0.08.  The  In 
fraction  was  estinmie<l  iisiii^'  x-ray  analysis  aiul  photolmninesceiice. 
(.•onstraints  imposed  l>y  strain  limited  the  thickness  range  of  a  typical 
Inx(.1al-xN  layer  to  approximately  300  nm.  The  thickness  of  a  typical 
OaN  layer  was  approximately  1300  nm.  The  mea.sured  mode  effective 
iiKlices  of  ordinary  nn<l  extraordinary  polariv.ed  waveguide  modes 
launched  into  the  lnx( lal-xN/CaN  films  were  used  as  input  in 
least-squares  solution  procedures  to  solve  for  the  film  thickness, 
refractive  index,  and  birefringence.  Data  were  collected  at  several 
discrete  wavelengths  from  442  nm  to  632  nm  with  the  blue  end  of  the 
measurement  range  limited  by  the  optical  absorption  edge  of  the 
(rutile)  prism.  Results  for  samples  with  x  >  0.08  will  be  presented  at 
the  meeting. 

Y5.50 

Intersubband  Emissions  in  AlN/GaN  Quantum  Wells  Probed 
by  Photoluminescence.  Mim  L  Nakarmi.  Ki-Bum  Nam,  Neeraj 
Nepal,  Jingyu  Lin  and  Hongxing  Jiang;  Physics,  Kansas  State 
University,  Manhattan,  Kansas. 

With  a  large  band  offset  between  AIN  and  GaN  in  the  conduction 
band  (about  1.9  eV)  and  a  continuous  variation  of  the  band  gap 
difference  in  AlGaN/GaN  heterostructure,  many  important 
optoelectronic  device  applications  based  on  AlGaN/GaN  quantum 
wells  (QWs)  are  conceivable.  The  success  of  conventional  Ill-nitride 
devices  such  as  edge-emitters  and  detectors  based  on  the  interband 
transitions  are  very  encouraging  for  the  study  of  new  types  of  devices, 
such  as  QW  light  emitters  and  detectors  based  on  intersubband 
transitions.  The  intersubband  transitions  in  AlGaN/GaN  QWs  may 
be  utilized  for  designing  infrared  (IR)  detectors  and  emitters  as  well 
as  quantum  cascade  (QC)  lasers.  The  intersubband  transitions 
reported  so  far  in  AIGaN/GaN  QWs  are  absorption  lines  between 
different  subbands  in  the  conduction  band.  Light  emission  associated 
with  intersubband  transitions  in  AIGaN/GaN  QWs  has  not  been 
observed  previously,  although  interband  transitions  involving  different 
subbands  in  AlN/GaN  QWs  have  been  reported.  One  of  the  reasons 
could  be  that  the  growth  conditions  for  AIN  were  not  optimized. 
Recently,  our  group  has  achieved  high  optical  quality  AIN  epilayers  on 
sapphire  substrates  by  metal-organic  chemical  vapor  deposition 
(MOeVD).  In  this  presentation,  we  report  the  epitaxial  growth  of 
AlN/GaN  single  quantum  wells  (SQWj  by  MOCVD  by  incorporating 
the  established  growth  conditions  of  high  quality  AIN.  Deep  UV  and 
III  time-r<‘solv<'<l  |>!iotolinniiioscence  spectroscopy  was  einployr<l  to 
probe  the  intorsubban<l  transit  ions.  I-br  the  first  time,  we  have 
achieved  Ill-nitride  QWs  in  which  light  emission  due  to  intersubband 
recombinatioti  is  observabir*.  For  SQWs  with  a  well  width  of  abotit  2 
mil,  an  iiii<'rsMbbnn«I  •‘inission  pt-ak  at  1.302  rV,  corn'.sponding  to  Ihr 
n'ooiiibinntion  of  ehrtnuis  |M*tw<'rn  i»  =  2  and  n  =  1  «nbl<‘V«.*ls,  has 
been  obs<Tve<l  at  10  K.  q'la-  recombination  lifetime  of  the 
intersubband  transition  of  electrons  between  n  =  2  and  n  =  1 
sublevels  was  measured  and  agrees  well  with  the  calculated  radiative 
lifetime.  By  varying  the  well  width,  the  transition  wavelength  for  the 
intersubband  transition  can  easily  be  tailored  to  the  fiber  optic 
communication  wavelength.  High  quality  AIN/GaN  QWs  that  emit 
intersubband  optical  transitions  form  a  basis  for  a<''hleviiig  novel 
IM-nitride  optoehvtronu*  devices  operating  in  the  inrrar<*<l  wavelength 
range  and  considera!>ly  expand  future  prospects  for  the  application  of 
Ill-nitride  materials. 
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Spectroscopy  of  the  Intraband  Electron  Confinement  in 
Self-Assembled  GaN/AlN  Quantum  Dots.  Ana  Helman\  Khalid 
Moumanis*,  Maria  Tchernycheva’ ,  Alain  Lusson^,  FVancois  JulienV 
Denjamin  Damilano*,  Nicolas  Grandjean®,  Jean  Massies*,  Christophe 
Adelinann*',  I'Vederic  Fossar<l'^,  Daniel  I^e  Si  Dang*^  and  Bruno 
Datidin®;  *  Action  OptoGaN,  Institut  d’Electronique  Fondainentale, 
UMR8622  CNRS,  Universite  Paris-Sud,  Orsay,  Prance;  “CRHEA, 

UPR  10  CNRS,  Valbonne,  France;  ®CEA/CNRS  Research  Group 
”  Nanophysique  et  Seniiconducteurs” ,  DRFMC/SPMM, 

CEA /Grenoble,  Grenoble,  France. 

We  report  on  the  first  observation  of  conduction-band  interlevel 
transition's  at  room- temperature  in  self-organized  GaN /AIN  quantum 
dots  (QD)  grown  by  molecular  beam  epitaxy  (MBE)  on  sapphire, 
silicon  (111)  and  6H-SiC  substrates  [l].  Based  on  transmission 
electron  microscopy  (TEM)  and  AFM  measurements,  the  dots  form  as 
truncated  pyramids  with  a  hexagonal  base  with  a  diameter  to  height 
ratio  of  5  and  a  dot  density  of  1-3x10**  cm“^.  Quantum  dot 
sup<-rlattices  wiMi  1.6  nm  (6.7  nm)  deposited  GaN  (AIN)  layers  have 
been  investigated  using  photoluminescence  (PL).  The  300  K  PL  under 
excitation  at  244  nm  of  the  wetting  layer  (WL)  absorption  is  peaked 
at  3.0  eV  (2.97  eV)  for  the  QDs  grown  on  silicon  (sapphire)  substrate. 
The  full  width  at  half  maximum  (FWHM)  is  ^0.6  eV  for  both 
samples  reflecting  the  size  dispersion  enhanced  by  the  quantum 
confined  Stark  effect  due  to  internal  field.  A  strong  reduction  of  the 
PL  linewidth  is  observed  by  exciting  carriers  directly  in  the  QDs,  i.e. 
at  the  energy  below  the  WL  absorption  edge.  By  resonant  excitation 


at  351  nm  the  PL  energy  and  FWHM  are  3.0  eV  (2,93eV)  and  0.19  eV 
(0.37  eV),  re.spectively  for  the  sample  grown  on  silicon  (sapphire).  The 
PL  shift.s  to  low  energy  when  <lecrea.Hing  excitation  photon  energy, 
which  confirms  a  dot-size  selective  population  mechanism.  Under  351 
nm  excitation,  we  estimate  the  height  of  the  selected  dots  to  be  4  nm 
(4.5  nm)  for  th<*  QDs  grown  on  silicon  (sapi>hire)  substrate.  1'li<* 
electron  confinement  in  the  QD  superlattices  has  been  investigated  at 
300  K  using  photo-induced  absorption  spectroscopy.  Under  351  nm 
excitation,  a  strong  iii-planc  polarized  absorption  is  observed  at  0,15 
eV.  We  claim  that  this  absorption  related  to  the  QD  in-plane 
confinement  arises  from  the  electron  s-p*  resonance.  At  higher  energy, 
three  absorption  resonances  with  a  polarization  component  along  the 
growth  axis  are  also  observed  respectively  peaked  at  0.59  eV  (0.53 
eV),  0.85  eV  (0.73  eV)  and  0.97  eV  (0.98  eV)  for  the  sample  grown  on 
silicon  (sapphire)  substrate.  Based  on  an  effective-mass  modeling  of 
the  electron  confinement  along  the  growth  axis,  i.e.  neglecting  the 
in-plane  confinement  but  accounting  for  the  internal  field,  we 
attribute  the  resonances  at  0.5-0.6  eV  and  around  1  eV  respectively  to 
the  s-p,  and  s-d,  interlevel  absorptions.  The  oscillator  strength 
associated  with  the  s-d*  transition  is  calculated  to  be  8  times  smaller 
than  that  associated  with  the  s-pz  transition,  which  is  in  agreement 
with  experiments.  Based  on  the  s-p,  and  s-p,  transition  energies,  we 
attribute  the  resonance  around  O.S  eV  to  the  s-pxP*  interlevel 
absorption.  We  also  show  that  the  magnitude  of  the  internal  field  in 
these  rather  big  dots  is  the  main  parameter  governing  the  interlevel 
transition  energies  in  the  range  0.5-leV.  New  results  on  QDs  of 
various  sizes  grown  on  sapphire,  6H-SiC  or  silicon  basically  confirm 
the  above  interpretations.  (1]  K.  Moumanis  et  al.,  Appl.  Phys.  Lett. 

82,  868  (2003)  ;  Physica  E  17,  60  (2003) 
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Optical  Properties  of  N-  AND  Ga-Polarity  GaN.  Abigail  Bell*, 

J  L  Smit*,  F  A  Ponce*,  Hock  M  Ng^,  Aref  Chowdhury*  and  Nils  G 
Weimann^;  *Physics  and  Astronomy,  Arizona  State  University, 

Tempe,  Arizona;  ®Bell  Laboratories,  Lucent  Technologies,  Murray 
Hill,  New  Jersey. 

A  GaN  sample  with  adjacent  Ga-  (0001)  and  N-polarity  (0001) 
regions  was  studied  by  cathodoluminescence  (CL).  The  sample  was 
grown  by  plasma-assisted  MBE  on  a  sapphire  substrate  with  a  20nm 
to  30nm  AIN  buffer  layer.  A  thin  layer  of  GaN  ('^lOO  nm)  was 
deposited  on  the  buffer  layer  to  prevent  any  oxidation  of  the  AIN 
layer  upon  removal  froiu  tlur  growth  chamber.  'I’he  sample  w;is 
lithographically  patterned  with  photoresist  to  cover  parts  of  the 
GaN/AlN  layers  and  wa.s  etched  until  the  sapphire  substrate  was 
exposed,  This  rt'sulled  in  a  sample  with  ^8  mieron  stripes  of  exposed 
.sapphir<‘  l>etw<‘en  e.^8  niieroii  stripes  with  an  AIN  luilfer  layer.  'I'lie 
sample  was  plae«*d  back  into  the  growth  chamber  an<l  further  growth 
of  undoped  <laN  was  initiated  resulting  in  regions  of  Ga-  and  N-polar 
material.  The  Ga-polarity  material  was  grown  on  the  buffer  layer  and 
the  N-polarity  material  was  grown  directly  on  the  sapphire  substrate. 
SEM  revealed  that  the  Ca-polarity  regions  have  a  smooth  surface 
while  the  N-polarity  regions  are  rough.  The  N-polarity  regions  were 
fotind  to  etch  under  2M  KOI  I  sohition  revealing  pyramids  {10-1-1} 
faces.  'Plu'  <»a-polarlty  r••gi<>n.s  <lo  not  et<'h.  Spatially  re.s<>lve<l  <  'L 
njeasuremeiits  wert-  perrorm<*<l  at  room  tompornture  to  charactoriz<* 
the  differences  in  the  optical  properties  for  the  two  polarities.  The 
near  band-edge  emission  from  the  N-polarity  emission  is  at  least  one 
order  of  magnitude  brighter  than  the  Ga-polarity  material.  The 
Ga-polarity  material  exhibits  near  band-edge  emission  at  363nm, 
whereas  the  near  band-edge  emission  from  the  N-polarity  regions  has 
a  double  peak  at  363nm  and  369nm.  CL  spectra  were  taken  in  spot 
mode  on  different  facets  of  the  N-polarity  pyramids  and  the  intensity 
of  the  369nm  emission  varies  from  facet  to  facet.  In  addition,  the 
N-polarity  material  exhibits  a  broad  blue  emission  at  430nm.  The 
430nm  emission  appears  to  emanate  from  both  the  pyramidal  features 
and  the  bulk  of  the  N-polarity  material.  No  yellow  luminescence  is 
observed  in  either  region.  We  investigate  the  origin  of  430nm  emission 
in  the  N-polarity  material. 
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Photoluminescence  from  Freestandling  GnN  with  (10-10) 
Orientation.  Micliac!  A.  Rcshchikov*.  Ali  Teke*,  Herbert-Paul 
Maruska^,  David  W.  Hill*  and  Hadis  Morkoc*;  *  Electrical 
Engineering,  VCU,  Richmond,  Virginia;  ^Crystal  Photonics,  Inc., 
Sanford,  Florida. 

Large  free-standing  GaN  wafers  will  be  valuable  substrates  for 
homoepitaxial  growth  of  advanced  nitride-based  devices.  In  this  vein, 
we  have  prepared  50  mm  diameter  GaN  films  each  about  300  microns 
thick  on  nearly  lattice- matched  LiA103  substrates  using  halide  vapor 
phase  epitaxy  (HVPE).  Using  GaCl  and  NH3  as  precursors,  growth  is 
performed  at  875 C  in  a  three- zone  tube  furnace.  After  removal  of  the 
LiA102  substrate,  the  free-standing  GaN  wafers  are  found  to  have  the 
non-polar  (10-10)  orientation.  The  wafers  were  cut,  mechanically 
polished  from  both  sides,  and  cleaned  in  HCI.  Photohiminescence 
(PL)  spectrum  from  both  sides  is  dominated  by  two  peaks  at  3.47  and 
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whorotvi  Mmt  of  t  he  roinbinrd  cniiMioii  from  the  defect- related  baiuls 
(red,  yellow  and  blue)  is  below  0.1%.  Evolution  of  the  PL  spectrum 
with  temperature  and  excitation  intensity  is  analyzed  in  detail. 

Effects  of  polishing  and  etching  on  the  PL  properties  and  surface 
morphology  will  be  also  discussed. 
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Carrier  DytiaiiiioM  of  Mcitioliiliie  IiiGaN/GiiN  Light- Eiiiitihig 
PN-Juiiotioii  Struetiire.M  with  Two  Active  RogioiiM.  Vuii-Li  Li^ . 
J.  M.  Shah*,  'rii.  <5es.stnann' ,  E.  V.  Schubert*  and  J.  K.  Sheu^; 
'Electrical,  (’omputer,  aiul  System  Engineering  Department, 
Rensselaer  I’olytechnic  Institute,  ^IVoy,  Massachusetts;  ‘'Optical 
Science  Center,  National  Central  University,  Chung- Li,  Taiwan, 

'I'he  mosi  energy-eflicivni  way  to  generate  white  light  is  the  mixing  of 
two  narrow  emission  lines,  namely  one  in  the  blue  and  one  in  the 
yellow-green  region  of  the  visible  spectrum.  Efficient  monolithic 
solid-state  white  light  sources  can  be  demonstrated  by  using  <|uaiittmi 
well  structures  emitting  at  two  wavelengths.  In  this  work,  monolithic 
InGaN/GaN  light-emitting  pn-junction  structures  with  two  active 
regions  grown  by  metal-organic  chemical  vapor  deposition  are 
investigated.  In  addition,  the  carrier  dynamics  of  such  quantum  well 
structures  is  analyzed.  Room-temperature  and  low-temperature 
photoluminescence  and  room-temperature  electroluminescence 
measurements  show  two  emission  bands  originating  from  the  two 
active  regions.  We  find  markedly  different  emission  characteristics  for 
photo-pumped  and  current- injected  Excitation.  In  photo-pumped 
experiinonts,  the  intensity  ratio  depends  strongly  on  the  excitation 
level  whereas  for  current- inject  ion,  a  constant  intensity  ratio  is  found. 
The  independence  of  spectral  shape  on  the  injection  current  is  a 
favorable  property  as  it  results  in  an  emission  color  independent  of 
the  injection  current  <lensity.  The  dependency  of  the  emission  on 
excitation  is  discu.ssed  and  attributed  to  carrier  transport  between  the 
two  active  regions  and  to  the  different  carrier  injection  dynamics  in 
photoltimiiit'seeniv  and  ^•l♦’Ctrohlminescenee.  Tin*  tliror«*tieal  himinoiiH 
offieacy  of  a  gaussian  <li<*Itromatic  white-light  source  is  calculal.e<l 
a.ssuruing  a  line  broadening  ranging  from  2  kT  to  10  kT.  Luminous 
efficacies  ranging  from  380  to  440  Im/W  can  potentially  be  obtained 
for  broadened  dichromatic  sources,  illustrating  that  very  high 
luminous  efficacies  could  be  reached  with  dichromatic  light-emitting 
diodes. 

Struct  lira]  Defect- Related  Pliotohiminescenee  In  GaN. 

D  J  Skromme* .  L.  Chen*,  M.  K.  Mikhov*,  H.  Yamane®,  M.  Aoki^,  F. 
J.  DiSnlvo*^,  R.  Wagner'*,  R.  F.  Davis^,  F\  A.  Grudowski^  and  R.  D. 
Dupuis’'^;  'Department  of  lOloctrical  Engineering  and  Center  for  Solid 
State  Eb’etronies  Rt*sfnivh,  Arizona  State  University,  'IVinpe,  Arizona; 
'^Instil  til »•  of  Miilti<tiseipl inary  IL'.search  for  Advance<l  Materials, 
'rohokn  University,  Aoba-ku,  Sendai,  Japan;  ‘^Department  of 
Chemistry  and  Cliemical  Biology,  Cornell  University,  Ithaca,  New 
York;  ■* Department  of  Materials  Science  and  Engineering,  North 
Carolina  State  University,  Raleigh,  North  Carolina;  ® Microelectronics 
Research  Center,  University  of  Texas,  Austin,  Texas. 

Inroad,  low  temperature  photoluminescence  (PL)  peaks  near  3,4-3.42 
eV  in  GaN  have  previously  been  associated  with  structural  defects 
and  ill  particular  bnsal-plane  stacking  faults,  based  on  empirical 
correlations  with  transmission  electron  microscopy.  Recently,  we  have 
observed  unusually  sharp  and  highly  structured  PL  peaks  in  this 
region  in  high  quality  bulk  GaN  grown  from  a  Na/Ga  flux,  some  of 
which  display  characteristic  shifts  and  narrowing  as  a  function  of 
excitation  power.  Here,  we  study  the  behavior  of  these  peaks  as  a 
function  of  excitation  intensity,  temperature,  and  crystal  polarity,  and 
compare  them  to  those  observed  in  GaN  grown  on  off-axis  SiC  or 
sapphire  substrates  by  metalorganic  chemical  vapor  deposition 
(MOeVD).  In  the  off-axis  material  on  either  substrate,  similar  peaks 
are  observed  to  those  in  the  bulk  samples,  but  also  a  low  energy  peak 
near  3.21  eV  lhaf  does  not  occur  in  the  bulk  material.  This  prak  is  not 
the  donor-acceptor  pair  band  of  wurtzite  material,  as  it  was  a.ssigned 
in  previous  work,  but  is  most  probably  related  to  another  structural 
defect.  The  peaks  in  the  off-axis  material  do  not  generally  show  the 
shifts  with  excitation  power  observed  in  the  bulk  samples.  We  describe 
a  preliminary  model  for  these  features  based  on  spatially  indirect 
recoinbinatton  involving  3C  quantum  wells  embedded  in  tlie  211 
matrix.  Band  bonding  is  present  due  to  the  spontaneous  polarization 
in  the  2H  pha.se,  which  is  absent  in  the  3C  layers.  The  laser  excitation 
flattens  the  bands  to  some  degree,  producing  the  observed  shifts. 
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Room  Temper  at  iiro  Time- Resolved  Photoluminescence 
Studies  of  AIGaN  on  GaN  Templates.  Gregory  A.  Garrett,  A  V 
S.ampatli,  C  J  Collins,  II  Slim  and  M  Wraback;  Sensors  and  Electron 
Devices  Directorate,  US  Army  Research  Lab,  Adelphi,  Maryland. 


Optical  charncienzativui  of  Al.,.Gai_jrN  with  tlifferfMit  A1 
concentrations  was  und«*ri.nketi  Ut  investigate  the  importance  <»r  /!eej> 
defect- related  states  aiui  alloy  fluctuations  on  llio  pliotolumiiiescriice 
lifetime  and  the  subsequent  suitability  of  these  materials  for 
ultraviolet  light  emitting  devices.  Sub- picosecond  time-resolved 
photoluminescence  (TRPL)  was  acquired  using  a  recently  developed 
technique  of  gated  do icn-con version  in  a  non-linear  optical  crystal. 
This  temporal  resolution  allowed  for  the  measurement  of  TRPL  from 
AIGaN  alloys  at  room  temperature  where  fast,  non-radiative  decay 
chaniu'l.s  aiv*  **xp*v*tfd  i«»  doininat*'.  'rii*-  inat<'rin]  studi»*<l  whs  grown 
by  RF-pl;isma-aHsi.Htr<!  tiioh’ctilitr  bmm  i-pitaxy  on  thick  hydride  va|M»r 
phase  epitaxy  GaN  template.s.  Ob.Hervations  of  nominally  .r=0.10  iukI 
j:=0.2I)  a  I  content  epllay<T.s,  show  room  temperature  lifetimes  of  <^150 
ps.  The.so  half-life  luejumrements  are  consistent  with  the  'PUPL  signals 
of  the  GaN  templates,  which  had  estimated  defect  densities  in  the  mid 
in*- in®  cm“^  range,  an<l  are  better  than  values  found  for  AIGaN  on 
sapphire  (les.s  than  20  ps),  with  presumably  higher  defect  densities. 
This  suggests  that  the  bandtail  states  are  shallow  enough  that  the 
carriers  are  thermally  activated  such  that  the  TRPL  decays  are 
<lominat#r<i  by  trapping  in  <leep  <lefect  states.  By  comparison, 
measurements  of  a  norninatiy  j:=0.4n  A1  content  epilayer  showed 
degradation  of  the  lifetime  to  '<^75  ps.  Moreover,  at  lower  excitation 
densities,  the  lifetime  became  significantly  faster  (^25  ps),  indicating 
the  presence  of  a  saturation  effect  not  as  evident  in  the  lower 
concentration  samples.  This  behavior  implies  that  the  carriers  are 
trapped  in  bandtails  with  activation  energy  larger  than  kT,  and  are 
funneled  through  those  states  to  the  deep  defect  levels.  Also,  the 
intensity  dependence  implies  that  it  is  this  decay  path  through  the 
bandtail  states  that  saturates,  which  in  turn  shows  the  emergence  of 
alloy  fluctuation  as  a  significant  contributor  to  the  carrier  dynamics 
and  optical  properties  of  higher  A1  concentration  material. 
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Ultrafast  Carrier  Dynamics  in  MDE  Grown  IiiN  Epilayers. 

Fei  Chen'.  Alexander  N  Cartwright',  Hai  Lu*  and  William  J  Schaff'; 
'Department  of  Electrical  Engineering,  University  at  Buffalo,  State 
I Ii>iv<Tsil-y  of  N*  \v  York,  Buffalo,  N**w  York;  ^Departiiu  ril.  of  Eb'^'tiical 
ami  (.k)mput»T  Eiigim'ering,  (^irnell  Univcr.Hity,  Ithaca,  New  York. 

Ultrafast  two-color  differential  transmission  measurements  on  a  series 
of  InN  epilayers,  with  varying  free  electron  concentrations,  grown  by 
molecular  beam  epitaxy  have  been  employed  to  probe  the  carrier 
recombination  dynamics  and  hot  carrier  relaxation  processes  in  the.se 
materials  at  room  temperature.  These  measurements  were  performed 
with  a  pump  energy  of  1.55  eV  and  probe  energies  varying  from  0,6  eV 
to  1.0  eV.  The  peak  energy  of  the  change  in  absorption  was  consistent 
with  the  0.7  eV  bande<lge  recently  reported  in  thc.se  materials. 
Moreover,  we  observo<l  a  fast  initial  hot  carrier  cooling  to  the  lattice 
temperature  foI!owe<l  by  a  slower  recombination  process  after  pulsed 
excitation.  At  short  time  <Ielay.s,  modeling  of 'the  observed  rolaxalion 
suggests  that  the  doininniii  energy  relaxation  process  is  longitiKliiiul 
optical  phonon  scattering  modified  by  a  strong  hot  phonon  effect.  At 
longer  times,  a  redshift  of  the  peak  energy  in  the  differential 
transmission  spectra  was  observed.  This  redshift  is  consistent  with  a 
reduction  of  the  bandfilling  effects  that  occurs  as  the  photoexcited 
carriers  recombine.  Furthermore,  our  results  demonstrated  that  the 
room  temperature  carrier  lifetimes  in  these  materials  are  inversely 
proportional  to  the  free  electron  concentrations.  This  suggests  that 
the  donor-like  defects  or  impurities  may  stimulate  a  formation  of 
non-radiative  recombination  centers  reducing  the  carrier  lifetime. 

More  importantly,  carrier  lifetimes  as  long  as  1.3  ns  wt  re  ob.served, 
indicating  high  crystalline  quality.  Thus,  the  observed  long  carrier 
lifetime  and  strong  photoluminescence  at  room  temperature  make 
these  InN  crystals  excellent  candidates  for  the  infrared  emitters. 

Y5.58 

Magncto-liiniinescciice  from  a  two-dimensional  electron  gas  in 
undoped  AIGaN/GaN  hetcrostructures. 

Cema  Martinez-Criado'*''.  Andres  Cantarero*,  Jose  Manuel  Calleja*, 
Angela  Link** ,  Oliver  Ambacher®  and  Martin  Stutzmann**;  'ID22: 
Micro-Fluoresccnce/lmaging/Diffraction  Group,  European 
Synchrotron  Radiation  Facility  (ESRF),  Grenoble,  France;  ^Materials 
Science  Institute,  University  of  Valencia,  Burjasot;  ®Dplo.  Fisica  de 
Materiales,  Universidad  Autonoma  de  Madrid,  Cantoblanco,  Madrid, 
Spain;  ‘‘Walter  Schottky  Institute,  Technical  University  of  Munich, 
Garching,  Munich,  Germany;  ^Center  for  Micro-nanotechnologies, 
Technical  University  of  Ilmenaii,  Ilmenau,  Ilmenau,  Germany. 

The  radiative  recombination  in  undoped  AIGaN/GaN  single 
heterostructures  was  studied  by  magneto- photolumine.scence 
moasurement.s  at  low  temporaturos.  Spontaneous  and  piezoelectric 
polarization  effects  induce  a  high  electron  accumulation  at  the 
heterointerface.  The  resulting  two-dimensional  electron  gas  has  been 
clearly  pevea!c<l  by  Shiibnikov-<le  Haas  oscillations  in  the  longitudinal 
magneto-resistance  above  5  'P.  On  the  other  hand,  photolumine.scence 
spectra  measured  in  magnetic  fields  up  to  12  T  show  well-defined 
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peaks  involvinfc  the  two-dimensional  electron  gas.  I'hose  pronounced 
hands  are  energetically  locntcd  below  the  typical  bouiul  ari<l  free 
oxcitonic  lines.  A  clear  magneto-oscillatory  behavior  in  their  inteii.sity, 
photon  energy  and  peak  wi<lth  was  found  as  a  function  of  the 
magnetic  field.  In  terms  of  population  effects  and  many-body 
int<*ractions,  tlie.se  magn</to-optical  oscillation.s  are  aualy'/e<l. 

Y6.50 

Optica]  and  micros tructural  evaluation  of  pretreated  InGaN 
quantum  well  structures,  Tim  Boettcher^ .  Angelika  Vennemann^, 
Prank  Bertram®,  Peder  Bergman®,  Akio  Ueta*,  Rosa  Chierchia\ 
Roland  Kroeger*,  Juergen  Christen®  and  Detlef  HommeP;  *Inst.  of 
Solid  State  Physics,  University  of  Bremen,  Bremen,  Germany;  ®lnst. 
of  Experimental  Physics,  University  of  Magdeburg,  Magdeburg, 
Germany;  ^Department  of  Physics  and  Measurement  Technology, 
Linkooping  University,  Linkoeping,  Sweden. 

In  order  to  optimize  the  quantum  efficiency  of  InGaN  quantum  wells 
for  visible  light  emitting  devices,  different  MOVPFy  growth  sequences 
are  compared  in  view  of  microstructure  and  luminescence.  In 
particular,  the  pretreatment  of  the  surface  prior  to  the  well  deposition 
utilizing  silicon  and  indium  was  studied  in  order  to  raise  the 
photobiminesconc<‘  (IM,)  ♦'ffK'iency  at  room  teniporaturo  fl,2].  In  both 
casv.s,  thf  lumiiiesrwMice  eflK'i*-iK*y  is  strongly  enhanced,  while  at  low 
temperature  the  dilferences  (dK)  are  only  minor.  Neither  the  well 
thickness  nor  the  average  composition  are  affected  significantly,  which 
is  demonstrated  by  X-ray  reflectivity  and  X-ray  diffraction 
measurements.  For  the  case  of  Si  pretreatment,  the  generation  of 
localized  charges  at  the  lower  interface  appears  to  screen  the 
piezoelectric  field  quite  efficiently.  In  addition,  it  seems  to  affect  the 
microstructure,  since  histograms  of  cathodoluminescence  (CL) 
mappings  taken  at  low  temperature  show,  that  the  distribution  of  the 
local  emission  peaks  is  broadened  upon  Si  deposition.  Just  the 
opposHe  is  the  ca.s<*  for  the  pretreatment  utilizing  indium.  In  this  case 
the  wavelength  distribution  in  the  CL  is  narrowed,  which  can  be 
attributed  to  more  homogeneous  quantum  wells.  A  reason  for  this 
could  be  a  reduction  of  the  indium  surface  segregation  due  to  the 
pre-wetted  surface.  'I'lic  microstructurc  of  the  quantum  w<‘lls  is 
evaluated  utilizing  high-resoliition  transmission  electron  microscopy 
and  the  digital  analysis  of  lattice  images  (DALI)  technique,  taking  the 
electron-beam  induced  degradation  into  account.  The  findings  are  in 
agreement  with  numerical  bandstructure  simulations  and  will  be 
discus.sed  on  the  basi.s  of  time-resolved  PL  measurements,  [l]  Keller  et 
al..  J  Cryst.  Growth  105,  258  (1998)  [2]  Zhang  et  al.  Appl.  Phvs. 
lyett.  80,  485  (2002) 
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Strain  evolution  and  plionoiu^  in  AIN/GaN  supcrlatticea. 

V.  Darakchi»'va’ ,  I*.  P.  l*askov‘,  M.  Schubert®,  'I'.  Paskova’ ,  10. 
Vnl-’lh'vn*,  A  It  Arwiti',  It.  II  Atiiaiiip'  niid  I 

Akiishki*,  ‘ll-'M,  Ltiiki t  luiv»'rsity,  Linktipiiif;,  Sw»-d,-n;  *'| 
Uniwrsily,  Lei|>zig;  ’*Mrijo  University,  Nagoya,  Japan. 

AIN/GaN  and  AIGaN/GaN  superiattices  (SLs)  have  been  subject  of 
inien.se  investigation  due  to  their  potential  applications  for  high  power 
transistors  and  ultraviolet  laser  diodes.  However,  only  a  few  reports 
are  devoted  to  their  vibrational  properties.  The  formation  of  SL 
induces  a  folding  of  the  Brillouin  zone  in  the  growth  direction  leading 
to  the  appearance  of  new  phonon  modes.  In  addition,  the  SL 
coii.stituents  are  under  strain  resulting  in  strain-induced  shift  of  the 
SL  phonon  frequencies,  which  further  complicate  the  mode 
identification.  In  this  work  we  report  on  the  strain  evolution  and 
vibrational  properties  of  AIN/GaN  SLs  grown  by  metalorganic  vapor 
phase  epitaxy  on  (0001)  sapphire  substrates  using  GaN  buffer  layer. 
The  St  nurtures  consist  of  10  period  SLs  with  different  well  thickness, 
keeping  the  we  1 1- barrier  thickness  ratio  as  3:1.  The  SLs  were  studied 
by  infrared  spectroscopic  ellipsometry  (IRSE)  and  reciprocal  space 
mapping  (RSM),  The  10-14  RSM  of  the  short-period  SL  show  that 
the  SL  is  grown  coherently  on  the  GaN  layer  and  both  the  barrier  and 
the  well  have  the  same  in-plane  lattice  parameter  as  the  underlying 
GaN  layer.  In  other  words  there  is  a  large  tensile  strain  in  the  AIN 
layers  and  a  small  compre.ssivo  strain  in  the  GaN  wells.  The  latter  is 
manifested  by  a  small  sliift  of  2  cm-1  of  the  GaN  El(l'O)  frequency 
from  the  strain-free  position.  It  is  found  that  with  increasing  the  SL 
period  the  AIN  barrier  layers  start  to  relax,  which  is  reflected  by  the 
increase  of  the  AIN  El(TO)  frequency  towards  the  strain-free  value. 
Accordingly,  the  compressive  strain  in  the  GaN  well  layers  increases 
evidenced  by  the  blue-shift  of  the  GaN  El  (TO)  mode.  In  addition  to 
the  GaN  and  AIN  bulk  phonos,  two  other  modes  are  identified  in  the 
IRSE  spectra  of  all  samples  and  are  suggested  to  originate  from  the 
Brillouin  zone  folding. 

Y5.C1 

Efforts  of  Biaxial  Strain  on  the  Formation  of  Ordered  Phases 
in  Cubic  InGaN.  J.  R.  Leitc,  L.  K.  Teles,  L.  G.  Ferreira  and  L. 

M  R.  Scolfaro;  Materials  Science,  University  of  Sao  Paulo,  Sao  Paulo, 
SP,  Brazil. 


Considerable  effort  has  beon  devoted  in  recent  years  to  the  study  of 
structural  and  optical  |>r<iperti*  s  of  hexagonal  and  cubic  InGaN 
epitaxial  layers.  'Flic  motivation  behind  these  investigations  is  the  fact 
that  the  InGaN  ternary  alloy  is  the  active  medium  in  the  highly 
eincient  quautum-w<‘II  stnici.nr*.*  light-emitting  diodes  an<l  laser  dio<les 
operating  in  the  short- wavelength  visible  an<l  I IV'  regions  of  the 
spectrum.  Despite  these  important  applications,  the  light  emission 
process  of  the  devices  is  still  a  matter  of  controversy  in  the  literature. 
There  is  strong  evidence  that  an  important  emission  mechanism 
originates  from  phase-separated  quantum  dots  (QDs)  formed  by  alloy 
decomposition  taking  place  in  the  InGaN  layer.  It  has  been  recognized 
that  the  phase  separation  can  be  suppressed  due  to  biaxial  strain  in 
coherently  grown  epitaxial  layers.  It  is  also  well  known  that  the 
biaxial  strain  can  be  a  driving  force  for  ordering  formation.  Moreover, 
chemical  ordering  on  the  group-ill  sublattico  of  lt»GaN  has  also  been 
reported.  It  is  already  known  for  various  Ill-V  semiconductors  that 
long-range,  or  short-range,  ordered  stoichiometric  inter-semiconductor 
compounds  can  be  more  stable  than  the  disordered  alloy  below  a 
certain  growth  temperature.  Tlicrefore,  a  deep  understanding  of  the 
role  played  by  strain  on  phaise  separation  and  ordering  formation  in 
InGaN  layers  is  highly  desirable.  The  control  of  strain  parameters  is 
important  to  monitor  the  QDs  formation  in  the  active  region  of  the 
<levict?.s.  We  i)r^*sent.  a  rigorous  theoretical  .stu<ly  of  the  <*fr<'Ct.s  of 
biaxial  strain  on  the  ordered  phases  formation  in  cubic  InGaN  alloys. 
The  calculations  performed  here  are  based  on  an  ab  initio 
p.seiidopotential  plane- wave  method,  within  the  framework  of  the 
density  functional  theory  and  the  local  density  approximation,  and  a 
cluster  expansion  method  together  with  Monte  Carlo  simulations.  We 
compare  our  results  with  data  obtained  from  high-resolution  x-ray 
diffraction  and  micro-Raman  spectroscopy  measurements. 

Y5.C2 

Parameters!  of  acousto-optic  interaction  in  AIGaN  layers  on 
sapphire  and  AIN  substrates.  D.  Ciplys^’^,  Michael  Shur*,  Gang 
Bu^,  Remis  Gaska®.  Qhalid  Fareed®,  L.  J.  Schowalter®  and  R. 
Rimeika^;  *  Department  of  ECSE  and  Broadband  Center,  Rensselaer 
Polytechnic  Institute,  'IVoy,  New  York;  ® Sensor  Electronic  'I'echnology, 
Inc.,  Columbia,  South  Carolina;  ''Crystal  IS,  Inc,  Latham,  New  York; 
^Department  of  Radiophysics,  Vilnius  University,  Vilnius,  Lithuania. 

Surface  acoustic  waves  (SAW),  guided  optical  waves  (GOW)  in  nitride 
films  and  their  interaction  have  attracted  a  great  deal  of  attention 
because  of  their  potential  applications  for  acoustooptic  devices 
operating  in  blue  and  ultraviolet  regions.  We  present  the  results  of  our 
investigations  of  the  acoustooptic  interaction  between  SAWs  and 
GOWs  in  AIGaN  layers  grown  by  MOCVD  on  sapphire  and  bulk  AIN 
substrates.  We  present  tlie  analysis  of  the  layer  and  substrate 
propcrl  ic.s  corrcspoTKiiiig  lo  optimum  conditions  of  the  acoustooptic 
iiit<>t'n<'l it»n  A  hug*-  <hir  r*-n***-  ln*tw»**‘n  th*<  Iny**!*  uud  huI*hIi'mI** 
r*-frii«*tivf  r.>r  lli**  AIGitN  siippliiiv  optii-til  w-uv«-giinl»-.s 

catisc.s  niultiuK>«.tc  reginu-s  of  o}>cration  for  typical  layer  thickiicssc.s  on 
the  order  of  microns.  In  contrast,  the  single  mode  optical  waveguiding 
can  be  easily  achieved  in  the  structures  consisting  of  AIGaN  layers 
grown  on  bulk  AIN  due  to  the  close  values  of  the  layer  and  substrate 
refractive  indexes.  Also,  the  efficiency  of  the  SAW  excitation  in  such 
structures  is  considerably  enhanced  due  to  piezoelectric  properties  of 
the  substrate. 

Y5.63 

X-Ray  Diffraction  and  Raman  Studies  of  Relaxation  of 
Residual  Elastic  Strain  in  GaN  Epitaxial  Layers  Grown  by 
HVPE  on  SiC(OOOl)  Substrate.  Nikolai  N  Faleev\  1.  Ahmad", 
Mark  Holtz®,  Henryk  Temkin®  and  Yuri  Melnik^;  *XRD, 

Rigaku/MSC,  Inc.,  The  Woodlands,  Texas;  ®Physics,  Texas  Tech 
University,  Lubbock,  Texas;  ®Electrical  Engineering,  Texas  Tech 
University,  Lubbock,  Texas;  ‘*TDI,  Inc.,  Gaithersburg,  Maryland. 

Gallium  nitride  and  related  compound  semiconductors  are  one  of  the 
most  attractive  wide-band-gap  materials  for  optical  device 
applications.  Recent  progress  in  growth  procedures  (MOCVD,  MBB, 
HVPE,  ot  al.)  ha.s  greatly  improved  crystalline  perfection  of  nitride 
materials.  Nevertheless  crystalline  perfection  of  III-V  nitride 
heterostructures  is  still  one  of  the  most  serious  problems  for  further 
improvement  of  devices.  Therefore  investigations  addressing  the 
relationships  between  epitaxial  growth  conditions  and  defect 
generation  in  these  materials  are  still  urgent.  We  report  detailed 
studies  of  GaN/SiC(0001)  epitaxial  structures  using  high  resolution 
x-ray  diffraction  and  Raman  spectroscopy.  Samples  were  grown  by 
HVPE  under  the  same  conditions  directly  on  SiC  substrates  without 
an  AIN  buffer  layer.  The  thickness  of  GaN  layers  ranged  from  300  nm 
up  to  40  mkm.  The  initial  thin  (^25  nm)  GaN  growth  layer  used  in 
order  to  accommodate  mismatch  of  lattice  parameters  between 
substrate  and  epitaxial  structures.  Preliminary  results  [A.Kazimirov, 
N.Faleev,  H.Temkin  et  al.,  J.Appl.Phys..89.  6092,  (2001)]  revealed 
that  thin  (300  nm)  epitaxial  layer  has  unusually  high  crystalline 
perfection.  Density  of  dislocations  in  the  layer  is  less  than  2-3  x 


635 


I 

I r<>'i>»)ni»‘Sf«  ijf  Mttrljii-**  is  nlioiil.  ilO  inn,  anil  lab-rjil 

().r»  tnktii.  Our  Hatn  P'V/*iij«  Uiut  in  Ui<»  ^  lfr»  ntn 

t.|iii‘k  initial  luyf*r  ilfiHttfil  |{<yjnn  1,  thn  iiiiiiti)  Intti*-*’ 
botwocn  the  substrate  and  cpi layer  is  nearly  completely  (about 

accommodated.  Region  I  thus  provide  a  transition  to  the 
homo-epitaxial  growth  mode  seen  in  Region  II.  The  residual  tensile 
elastic  strains  in  Region  11  are  maximum  in  thin  (around  0.4  -  O.G^m) 
#'pitaxial  layers,  ranging  from  2  0  x  10”®to  3.5  x  10“*’.  Thes^  strains 
ar»-  lUMp-  thiui  «»n*'  tir.|**i-  •.!*  iiittgnil  ifh'  ninnlh'i'  I  him  in  iNgi.iu  I.  nnd 
Mgr«  «-  with  what  w*-  rstimat*-  iroiti  di(r»-r**n**»*H  in  I  h*-  llifiniitl 
expansion  coefnei»'ntH  bet  w»*<'n  <laN  and  Si('  siibstrat*'.  'I'h*-  tran.sitton 
to  homo-epitaxy  results  in  fliminishes  of  density  of  disloeations  in 
Hegion  II  of  the  epil axial  layer  (<lown  to  1-2  x  l()^/<-in^),  Ror  layers 
with  thi<'kness  exere<ling  O.iJ  mkm  we  observe  Region  III  for  whieh 
there  is  a  gradual  reduction  in  strain  with  increasing  thickne.ss.  'Phe 
strain  <liminishes  one  order  of  magnitude  and  density  of  dislorniions 
inerfas«‘s  (up  to  t5-8  x  lo'’/etn'^)  by  thickness  *i-I0  nikin.  We  <li.scu.s.H 
onr  results,  along  with  those  of  other  groups,  showing  that  these 
regions  are  present  in  the  initial  stage  of  homoepitaxial  growth  under 
various  methods  and  in  other  Ill-Nitride  compounds.  In  order  to 
explain  these  observations,  a  model  for  the  processes  of  growth, 
relaxation  of  elastic  strain  and  defect  generation  is  proposed,  in  this 
model  the  main  factors  considered  are  lattice  mismatch  and  clastic 
strains,  stoichiometry  during  the  growth  process,  and  gettering  of 
point  defects  by  dislocations. 

Yg.04 

C<iiif<>cnl  PliotoliiiiiiitcMcniico  aiid  Cathodolumiiieiiscciice 
Studies  of  AlGaN.  Volkrnar  R  Pierolf* .  O.  Svitel.skiy  * ,  G.  S. 
C’argill^,  A.Y.  Nikiforov^,  J.D  Acord’  and  J.M.  Redwing’;  ‘Physics, 
behigh  University,  nethlohcm,  Pennsylvania;  ^Materials  Sri»ujrc  ^ 
I'higin.,  I^'htgh  University,  Rcthlehem,  Pennsylvania;  ‘’Material.s 
Science  A*  Engin.,  Pennsylvannia  State  University,  University  Park, 
Pennsylvania. 

Development  of  UV  lasers  and  LEDs  is  currently  the  main  driving 
force  for  investigating  the  optical  properties  of  AlGaN.  One  of  the 
avenues  to  achi<*vc  high  luminescence  quantum  efficiencies  (even  in 
the  presence  of  rather  high  <lefoct  concentrations)  is  the  localiv.ation  of 
excitation  by  composition  fluctuations.  For  that  purpose  we  studied  a 
variety  of  samples  grown  by  MOGVD,  using  spatially  re.solvod  confocal 
phoir>hiniin<'sccnc(>  spcctrosc»>py.  In  this  technique,  w**  record  large 
niiinix'rs  of  PL  .spectra  at  low  temperatures  ('rr:4K)  while  Hcatiiting 
over  the  samples  in  small  steps.  A  <letaiIod  evaluation  of  the  spectra 
in  terms  of  total  intensity,  emission  peak  positions  and  spectral  lino 
width  gives  us  high  sonsitiviry  to  composition  fluctuations  on  the  1 
^mi  length  scale.  For  instance,  we  are  able  to  determine  AL/Ga^.i 
fluctuations  smaller  than  Ax/x=2xl0“’,  In  our  samples  with  an 
average  A1  content  of  x  =:  10%  we  find  islands  about  2  ftm  in  size,  in 
which  the  emission  energy  for  the  D'^X  exciton  is  shifted  considerably 
(O.Snm)  compared  to  the  rest  of  the  sample.  This  corresponds  to  a 
variation  Ax/x=2xl0“®.  For  these  islands,  the  emission  intensity  is 
incroa.'icd  by  about  30%.  In  contrast  to  this,  much  smaller  changes  are 
observi'd  in  1  h»*  «uui.Hsion  from  oilier  impurity  rolato<l  ex<*itons,  w'hich 
appear  about  I50nieV  shifted  to  lower  energies.  These  observations 
may  be  first  indicators  that  composition  fluctuations  are  occurring, 
(’iirrently  we  are  investigating  the  dependence  of  the  fluctuations  on 
growth  conditions,  Al/Ga  ratio,  substrate  type  (sapphire  vs.  SiC)  and 
residual  film  stress.  Moreover,  we  are  performing  cathodoluminescence 
measurements  and  are  correlating  the  results  with  PI/  and  with  the 
accuraft*  nveragf  composition  <lcterminod  by  SIMS.  R*'sults  and 
ci>iic|usion.s  from  Ihe.Sf  on-going  Htu<ltcs  will  be  reported. 
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Tlirondiiig  dislocnticm  evolution  in  GaN  epitaxial  layers  by  in 
situ  patterning  BLOG.  Xiaolong  F^ng,  Daewoo  Kim,  Manti  Rao 
and  Subhash  Mahajan;  Chemical  and  Materials  Eng.,  Arizona  State 
University,  Tempe,  Arizona. 

By  direct  deposition  of  a  very  thin  silicon  nitride  layer  on  an  as-grown 
GaN  nucleation  layer  (NL),  we  achieved  in  situ  patterning  ELOG 
mode  for  the  growth  of  high  temperature  (HT)  GaN  layer.  The 
patterning  was  produced  by  HT  annealing,  which  made  NL  islands 
protrude  through  silicon  nitride  layer  and  form  outcroppings.  Initial 
HT-GaN  nucleated  on  these  outcroppings  and  laterally  grew  over  the 
silicon  nitride  layer.  Threading  dislocation  (TD)  density  was  reduced 
by  about  two  orders  of  magnitude,  as  compared  to  the  conventional 
two-step  growth  technique.  Wing  twist  and  tilt  problems  in  ex  situ 
ELOG  were  avoided  due  to  smaller  window  separation  and  much 
earlier  coalescence.  The  in  situ  patterning  made  the  ELOG  technique 
much  simpler.  A  series  of  early  stage  overgrowths  of  HT-GaN  by  in 
situ  patterning  ELOG  were  examined  to  understand  the  mechanism  of 
TD  reduction  using  TEM  and  AFM.  The  initial  HT-GaN  island 
density  was  reduced  compared  to  two-step  growth  technique,  so  the 
vertical  growth  rate  was  relatively  high.  After  4  minutes  the  island 
height  reached  300iim  to  40nnm,  while  the  average  overgrowth  rate 
should  be  around  28iim/miu.  The  overlayer  was  continuous  with  a 


V*  ry  siirfiM'*'  at  appro.Kiiiial'-ly  bdOiiiu  afu-r  2d  ininu!<'s  growth. 

Inside*  i.slaiids,  'LDs  ]»ro|>aga(«‘  from  tia*  NL  at  prriodi<*ally  rlistriLiit«‘«i 
growth  nitron  Although  stivfjn  routntnt  itppr'itrft  in  th'-  «'oaif'ft«*riM’#'  front 
between  two  islands,  no  'I’Ds  were  observed  in  this  region,  TD 
bending  towards  the  facets  of  islands  occurred  only  before 
coalescence.  Very  small  voids  existed  near  the  bottom  of  HT-GaN 
associated  with  vertical  dislocations.  However,  no  horizontal 
di.slorations  w/'re  pn*sent»  d  in  laU-  grown  HT-GaN.  TIu-  support  of 
our  W'ork  by  AFOSII  is  givally  Ji''knowI«'dg/*d. 

YCl-PP 

Mimifu}4tati(>ii  of  Striiciurid  DefnotM  in  Photi>liiiiiiiiu.s<reii<*u 
from  GtiN.  Mi<4iu*4  A  R*'.Hh**hik<>v‘ ,  Fiuig  Yuii‘,  Jiws-k  Jasinski', 
y/iizamm  Lili*‘ntul- and  Hadis  Morkoc';  ‘  I‘M*’^*ti  iral 
Engim*rring,  V(*U,  RiHimoiKl,  Virginia;  *^LBNL,  lb*rk^d<’y,  thilifornia. 

A  of  sharp  iiit«‘ns«*  praks  is  sonuM  ititos  obs*‘rv«al  in  tla* 

low-trmperaturr  photolumiiu-so’iuv  (PL)  sprctnmi  tif  Mnint'*ntionally 
doped  (JaN  in  the  photon  energy  range  between  3.d  an<l  3.4n  eV  that 
are  attributed  to  excitons  bound  to  yet  unidentified  structural  and 
surface  defects.  These  unusual  peaks  are  named  Y  lines  due  to  the 
similarity  of  their  properties  to  those  of  the  Y  lines  in  1 1- VI 
compounds.  Most  of  these  peaks  (at  3.21, 3.32,  3.34,  3.35,  3.38,  and 
3.42  eV)  are  typically  observed  in  Ga-polar  films.  We  analyzed  X-ray 
diffraction  data  in  a  large  set  of  GaN  samples  grown  by  molecular 
beam  fepitaxy  in  order  to  find  any  correlation  between  these  unusual 
PL  peaks  and  the  GaN  crystal  structure.  Moreover,  in  selected 
samples  exhibiting  strong  Y  peaks,  cross-sectional  transmission 
electron  microscopy  ('LEM)  was  taken  in  an  effort  to  <letect  the 
presence  and  density  of  various  structural  defects.  The  preliminarily 
results  indicate  that  at  least  some  of  the  Y  lines  in  GaN  arc  not 
directly  relatc<l  to  the  observed  structural  defects,  such  as  edge,  screw, 
or  mixed  dislocations.  However,  there  exists  the  po.ssibility  that  point 
defects  trapped  at  dislocations  are  responsible  for  these  PL  peaks. 

Y5.67 

Raman  Characterization  of  Strained  GaNyAsi.j,  and 
In^Gai-,. NyA.H|_y  Epilayers.  I/i-Lin  7^y,  D.J.  Lockwood,  J. A. 
Gupta  ami  Z.ll.  Wasilowski;  lu.stitute  for  Microstrurtural  Sciences, 
National  Research  Council,  Ottawa,  Ontario,  Canada. 

P.H«*udomorphi<'ally  straim*'!  <'pit.axinl  films  of  th»-  trTiiary  alloy 
<JaNyA.S|_y  hav«-  b**«‘n  grown  on  GaAs(lOO)  with  y  ranging  from  0  to 
0.05.  Samples  of  <!aNyAsi_y  about  35  nm  thick  were  grown  both 
without,  and  with  a  5  mn  OaAs  cap.  Ftaman  studies  in 
quasibackscattering  geometry  were  performed  on  both  capped  an<l 
uncapped  alloys.  The  phonon  Raman  spectrum  displays  a  two- mode 
like  behavior.  The  GaAs-Iike  first  order  Raman  modes  are  represented 
at  y=:0.05  by  the  strong  longitudinal  optic  (LO)  mode  at  288.7  cm“‘ 
and  the  weaker  transverse  optic  (TO)  mode  at  268.4  cm“‘.  The 
GaN-Iike  LO  phonon  vibrational  mode  is  observed  for  y=:0.05  at  471.9 
cm"* .  The  alloying  effect  is  also  observed  through  two  very  broad 
disorder- induced  acoustic  bands  at  ^80  and  ~170  cm"‘  indicating 
obviou.s  atomic  disor<lrr  within  the  crystalline  network.  Banian 
studie.s  show  that  as  the  nitrogen  concentration  increases,  the 
GaAs-like  LO  band  shifts  tow’ards  lower  wavenumber  from  290.8  cm"‘‘ 
at  y=:0  to  288.7  cm“‘  at  y=0.05.  In  addition,  the  GaN-like  phonon 
band  showed  a  proportional  Increase  in  its  intensity  and  its  frequency 
as  the  concentration  of  nitrogen  increases.  Second  order  GaAs-like 
Raman  vibrational  bands  were  also  observed  at  509,  534  and  570 
cm“‘  for  y=:0.05.  The  Raman  shift  and  strain  level,  as  characterized 
by  x-ray  ilitfraction,  will  !><•  eorr<‘latcd  for  th<*  <i’aNyA.S|_y  sniupic.s. 
Raman  results  for  the  unstrained  quarternary  alloy 
Ino.osGao.a^No.ozAso.ss  on  GaAs(lOO)  will  also  be  presented. 

Y5.68 

Optical  study  of  localized  and  delocalized  states  in 
GaAsN/GaAs.  Zhongying  Xu‘,  Xiangdong  Luo*  and  Weikun  Ge^; 
‘NLSM,  Institute  of  semiconductors,  CAS,  Beijing,  China;  ^Dept.  of 
Physics,  HongKong  University  of  Science  and  Technology,  HongKong, 
China. 

GaAsN  semiconductor  alloys  grown  on  GaAs  substrate  have  attracted 
much  attention  due  to  their  unusual  physical  properties  and  potential 
applications  in  long  wavelength  optoelectronic  and  photonic  devices. 
Understanding  the  emission  mechanism  in  these  materials  is  very 
important,  not  only  from  the  viewpoint  of  physical  interest  but  also 
for  the  device  design.  In  recent  optical  studies,  the  strong  action  of  N 
atoms  in  GaAs  and  the  large  strain  between  GaAsN  and  GaAs  have 
been  shown  to  make  the  absorption  and  photoluminescence  (PL)  very 
complicated.  In  PL  measurements,  N- related  pair  states,  cluster 
states,  localized  band- tail  states  and  delocalized  states  were  reported 
in  various  experiments.  In  this  work,  we  use  various  optical  techniques 
to  study  exciton  localization  and  delocalization  effects  in 
GaAsN/GaAs  system.  The  main  results  are:  1.  Under  short  pulse  laser 
excitation,  we  have  observed  a  new  PL  emission  from  GaAsN/GaAs 
single  quantum  wells  (QW.s).  It  dominates  the  PT/  spectra  under  high 
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excitation  and/or  at  high  temperature.  By  measuring  the  PL 
dependence  on  both  teinprrature  and  excitation  power  and  by 
analyzing  the  time- resolved  PL  results,  we  have  attributed  the  new 
PI.f  peak  to  the  recombination  of  delocalized  excitons  in  QWs. 
Kurtb'Tniore,  n  cotnp<*iitioti  proros.'*  I>elween  localized  and  d«*lo<'ali7c<l 
excitoii.s  is  obs<.!rv<*<l  in  th*-  l♦•ln|>eratu^o-depelldent  PL  spretra  under 
the  short  pulse  excitation.  'Phis  competition  is  believed  to  be 
responsible  for  the  temperature-induced  S-shaped  PL  shift  often 
observed  in  the  disordered  alloy  semiconductor  system  under 
continuous  wave  (cw)  excitation.  2.  We  have  investigated  a  set  of 
GaAsl-xNx  samples  with  small  nitrogen  composition  (x<l%)  by 
cw-PL,  pulse-wave  (pw)  excitation  PL,  and  time-resolved  PL.  In  the 
PL  spectra,  an  extra  transition  located  at  the  higher-energy  side  of  the 
commonly  reported  N-related  emissions  was  observed.  By  measuring 
the  PL  dependence  on  temperature  and  excitation  power,  the  new  PL 
peak  was  identified  as  a  transition  of  alloy  bandedge- related 
recombination  in  GaAsN.  The  PL  dynamics  further  confirms  its 
intrinsic  nature  as  being  associated  with  the  bandedge  rather  than 
N-related  bound  states.  3.  We  have  used  selective  excitation  PL  to 
further  explore  the  emission  properties  of  GaAsN/GaAs  SQWs.  A 
significant  difference  is  observed  in  the  PL  spectra  when  the 
excitation  energy  is  set  below  or  above  the  band  gap  of  GaAs.  By 
comparing  the  experimental  results  of  the  bulk  GaAsN,  the  observed 
difference  in  QWs  was  attributed  to  the  exciton  localization  effect  at 
the  GaAsN/GaAs  interface.  This  interface- related  exciton  localization 
effect  can  be  greatly  reduced  by  a  rapid  thermal  annealing  process. 

YS>C9 

Strong  dependence  of  the  fundamental  band  gap  on  the  alloy 
composition  in  cubic  InxGal~xN  and  InxAll-xN  alloys. 
Zoulikha  Dridi*’^,  Bachir  Bouhafs*’^  and  Pierre  Ruterana^: 
’LERMAT,  ENSICAEN,  CAEN,  Prance;  ^LSMSM,  Departement  de 
Physique,  Faculte  des  Sciences,  Universite  de  S  id  i- Bel -Abbes,  Sidi  Bel 
Abbes,  Algeria. 

Ab  initio  total  energy  calculations,  based  on  the  full-potential 
augmented  plane  wave  method  within  the  local  density 
approximation,  are  used  to  study  the  influence  of  alloying  on  the 
structural  and  electronic  properties  of  cubic  InxGal-xN  and 
InxAll-xN  ordered  alloys  in  the  chalcopyrite  and  iuzonite  structures. 
We  have  investigated  the  lattice  parameters  and  band  gap  energies. 
The  lattice  parameters,  exhibit  an  upward  bowing  of  -0.05  A  and 
-0.15  A,  respectively  for  the  InxGal-xN  and  InxAll-xN  alloys.  The 
composition  dependence  of  the  band  gap  is  found  to  exhibit  a 
relatively  small  bowing  parameter  of  1.36  eV  for  InxGal-xN.  The 
band  gap  versus  composition  plot  for  InxAll-xN  alloys  is  well  fit  with 
a  large  bowing  parameter  of  3.10  eV,  and  presents  a  direci  to  indirect 
bnml  gap  crossover  at  x  (Al)  =  The  largo  bowing  elfecl  in 

lux  All  xN  alloys  has  Imvii  «li.seusM«'cl  in  of  a  eoniposition 

bowing  pantnifl*  r. 

Y5.70 

Structural,  energy  gap,  and  thermodynamic  properties  of 
AlxGayInl-x-yN  quaternary  alloys.  L.  M.R.  Scolfaro.  M. 

Marques,  L.  K.  Teles,  L.  G,  Ferreira  and  J.  R.  Leite;  Materials 
Selonco,  University  of  Sao  Paulo,  Sao  Paulo,  SP,  Brazil. 

Th*-  group-ill  iiitri«l*'  s«uiuet,ti>lu>'torH  mid  tlnur  l^•rnal‘y  uIIijv.m  Iinv*- 
been  extensively  tiiv(>,stigate<i  clue  to  their  importance  for  the 
electronic  and  opto- electronic  device  technology.  Recent  examples  are 
the  opto-electronic  commercial  devices  operating  in  the  green-blue-UV 
spectral  region.  By  alloying  among  the  group- 1 11  nitrides  one  can  vary 
the  bandJgap  from  <n/0. 7-0.0  eV  (InN)  till  ^6.3  eV  (AIN).  A  way  to 
enhance  the  flexibility  of  nitride  alloys  may  be  achieved  by  using 
AlxGaylii  1-x-yN  quaternary  alloys.  The  use  of  AlxGayInl-x-yN  has 
shown  to  be  an  cffcclive  way  to  reduce  the  defect  density  in  tlio  device 
since  it  allows  controlling  independently  the  lattice  parameter  and  the 
band  gap  of  the  alloy.  In  this  way,  AlxGayInl-x-yN  lattice  matched  to 
GaN  or  AIN  may  be  produced.  Based  on  these  features,  UV 
light-emitting  diodes  and  laser  diodes  consisting  of  AlxGayInl-x-yN 
active  layers  have  been  proposed.  As  observed  in  the  InGaN  ternary 
alloys,  phase  separation  effects  and  the  occurrence  of  ordered 
structures  may  also  take  place  in  the  AIGaInN  quaternaries  depending 
on  the  growth  conditions  and  alloy  compositions.  We  present  in  this 
work  a  theoretical  study  by  means  of  ab  initio  calculations  of  the 
energetics,  the  structural  and  the  thermodynamic  properties  of 
AlxG  ay  In  1-x-yN  quaternary  alloys.  The  calculations  are  based  on  a 
pseudopotential  plane- wave  method,  within  the  framework  of  the 
density  functional  theory  and  the  local  density  approximation,  a 
cluster  expansion  method  in  conjunction  with  either,  a  generalized 
quasi-chemical  approach  and  Monte  Carlo  simulations.  Our  results  arc 
used  to  clarify  the  origin  and  the  mechanism  of  radiative  emission 
observed  in  recent  photoluminescence  measurements.  Moreover, 
several  physical  parameters  of  AlxGayInl-x-yN  alloys  such  as  lattice 
constant,  bond  lengths,  baiulgap,  etc.,  as  functions  of  the  alloy 
compo.sitions,  x  and  y  are  predicted. 
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Coiii|mrisoii  of  Thromliiig  Dislocation  Densities  in  AlGaN  and 
luAIGaN  Epilayers  l>y  X-Ray  Diffraction.  Hun  Kang^ ,  Zhe  C. 

Feng\  Fergu-son  Ian',  S.  P.  Guo®,  M.  Pophristic®  and  B.  Peres®; 
'<{eorgia  Inst  of  Technology,  Atlanta,  Georgia;  ®KM<X')HE 
C^orporation,  Sonierest,  New  Jersey. 

Thick  and  high  composition  AlxGal-xN  (x  =  0.45  '>>'  0.6)  layers  grown 
on  sapphire  by  Metaiorganic  <Uiomical  Vapor  Deposition  (MOCVD) 
are  commonly  used  for  UV  optoelectronics  sources.  There  usually 
exists  a  high  density  of  threading  dislocations  which  is  the  main  cause 
for  a  low  extraction  efficiency  in  LEDs.  Therefore  it  is  important  to 
reduce  the  threading  dislocation  density  in  these  AlGaN  epilayers 
with  developing  high  efficiency  LEDs.  In  this  work,  we  focu.s  on  how 
to  monitor  and  reduce  the  dislocation  density  for  high  efficiency 
LEDs.  A  series  of  AlGaN  thin  films  were  grown  on  (0001)  sapphire  by 
MOCVD.  X-Ray  Diffraction  (XRD)  measurements  were  employed  to 
give  a  relative  measurement  of  the  screw,  edge,  and  mixed 
components  of  the  threading  dislocations  below  the  layers.  Two 
techniques,  Williamson-Hall  (WH)  plot  and  Reciprocal  Space 
Mapping  (RSM),  were  used  to  determine  and  distinguish  these 
dislocations.  WH  plot  can  provide  information  about  dislocations 
characteristics  from  a  linear  fit  to  the  Pull  width  at  Half  Maximum 
(FWHM)  of  the  triple  axis  rocking  curve  (0001)  symmetric  reflections. 
The  RSM  technique  is  used  to  obtain  the  data  on  a  specific  reflection. 
Dislocation  densities  in  these  high  Al  compositions  AlGaN  epilayers 
were  determined.  Through  the  measurements  for  AlGaN  grown  on 
sapphire  with  various  AIN  nucleation  layers,  the  effects  of  the  AIN 
nucleation  layer  on  the  dislocation  density  in  the  AlGaN  layers  were 
studied  and  an  optima)  condition  was  obtained.  It  was  found  that 
with  an  increase  of  Al  composition  the  screw  dislocation  density 
increases  and  edge  dislocation  density  decreases.  The  incorporation  of 
indium  also  improved  the  coherence  lengths.  In  addition,  the  results 
obtained  from  these  AlGaN  films  were  compared  with  that  of  GaN 
films  grown  on  (0001)  sapphire  by  MOCVD. 

Y5.72 

Study  on  Ultra-fast  Carrier  Dynamics  in  InGaN/GaN 
Quantum  Wells  with  Indium  Aggregated  Quantum  Dot 
Structures.  Hsiang- Chen  Wang',  Cheng- Yeh  Tsai^,  Yung-Chen 
Cheng^,  En-Chiang  Lin®,  C.  C.  Yang*’®,  Kung-Jen  Ma^,  ChenpTa 
Kuo**  and  Jian-Shihn  Tsang"*;  *Inst.  Electro- Optical  Eng.,  National 
Taiwan  University,  l>iipei,  I'aiwan;  ®Inst.  Electronics  Eng.,  National 
'Paiwan  University,  'laipei,  'IHiwan;  ’^Dept.  Mechanical  Eng.,  Chung 
Hua  University,  Hsinchu,  Taiwan;  ‘‘Advanced  Epitaxy  Technology 
Inc.,  Hsinchu,  Taiwan. 

Becau.s4*  of  f.h»'  larg«'  niisniatch  boiwoeii  GaN  and  InN,  their 

niis«'ibility  is  lt>\v,  !«>  th*'  ph«‘ii<>in«‘nn  of  iinitiini 

nggrrgatioii  I  hrongb  tin*  |»rt>eos,s  of  .spiiuxlnl  <j»*e<>n»|M>sil  ion .  'TIi*- 
indium-rich  clustrr  formation  in  InGaN  compounds  ro.siilts  in 
potential  fluctuations  and  hence  the  effect  of  carrier  localization.  In 
this  paper,  we  report  the  experimental  results  of  fsec  carrier  dynamics 
based  on  pump-probe  measurements  of  various  InGaN/GaN  quantum 
well  samples  with  various  quantum  well  widths,  nominal  indium 
eont«‘ntM,  and  nrnl*-r  vnriiuis  tluTinal  annealing  eondition.s.  Quantum 
di»t  .st.rifl  nr*’.H  in  M<»nn-  of  lli.-  suntph's  have  b»*c'n  ej>nlirnt*M!  with 
muteriai  anaty.se.s.  hVoin  the  rooni-temjx'ratuiv  |>rol>e  inteiiHity  profiles 
of  an  annealed  sample  of  2.5  niu  in  well  width  under  pumping  at 
different  wavelengths,  one  can  see  that  at  a  wavelength  within  the  PL 
spectrum,  the  transmission  intensity  drops  slowly  from  its  peak.  The 
early-stage  faster  decay  is  supposed  to  be  due  to  carrier  relaxation 
through  phonon  interaction  such  that  quasi-equilibrium  condition  is 
reached.  The  extended  slower  decay  is  attributed  to  carrier 
recombination  under  the  quasi-  equilibrium  condition  and  its  decay 
time  is  in  the  psec-nsec  range.  During  this  process,  the  interaction 
with  acoustic  phonons  also  occurs.  At  shorter  wavelengths  for 
pumping,  carrier  relaxation  to  lower  energy  states  becomes  faster  and 
more  significant.  In  these  situations,  the  residual  carriers  become 
fewer.  It  is  interesting  to  observe  that  the  oscillations  due  to  acoustic 
phonon  interaction  occur  only  in  the  temperature  range  from  100  to 
150  K.  Also,  the  LO  phonon  effect  can  be  observed  only  when  the 
sample  temperature  is  below  around  200  K.  Furthermore,  we  observed 
see  that  the  level  of  extended  slow  decay  decreases  with  increasing 
temperature.  This  trend  can  bo  attributed  to  the  effective  thermal 
relaxation  of  carriers  into  lower-energy  states  as  the  pump  photon 
energy  is  much  higher  than  the  photoluminescence  emission  levels. 

Y5.73 

Grig;!  11  hikI  Efficiency  of  the  PhotoluminescGiice  of  GaN 
Naiiorods.  Xiang-Bai  Chen',  Jesse  Huso',  Johm  L.  Morrison', 
Margaret  K,  Penner' ,  Andrew  P.  Purdy®  and  Leah  Bergman*; 
'Physics,  University  of  Idaho,  Moscow,  Idaho;  ®Chemistry  Division, 
Naval  Research  Laboratory,  Washington,  District  of  Columbia. 

The  photoUiminesconce  (PL)  of  GaN  nanorodes  which  were 
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synth^si7o<l  vin  tin  ammonothcrmal  process  were  studied  utilising  IIV 
ifiierc>-pli(>t<>lniniiH*S(‘i|i<*>-.  Kh-  sttKlifs  th<*  (JaN  itanorods  w*-p- 
Ki'oiipfd  )i«‘r  ihio  ••ns»‘inhl»*N  of  various  si/rs  rai)f>inf.*  from  .‘iOd  iim 

ii|*  to  f»t)  niii*i oiiM-l (  r  ‘rii»-  ol.)»-.*i  iv*-  of  I  |i<>  nli)i|i''n  to  ilt  f 

til*  nut  in*-  **r  III*-  1*1.  •'IMimM«*ll  lift  W*ll  MS  Its  «{||.|fM«-y  MM  It  Imi.lM.li  of 

••iis*'ml>l**  si/**.  'I'll**  PI,  spfci.ra  at.  Il'l’  of  the  itanorods  ♦•xliihit  on*- 
emission  line  for  which  its  cnorRy  was  fonnd  to  depend  stronj'ly  on  the 
onsemlde  size  as  well  as  on  the  laser  excitation  power;  the  larger  the 
ensemble  size  and  the  higher  the  laser  power,  the  more  redsliifte<l  the 
PL.  This  phenomenon  is  discussed  in  terms  of  laser  heating  and  light 
scattering  events  occurring  in  an  ensemble  enclosure.  Additionally,  the 
PL  intensity  as  a  function  of  laser  power  was  investigated  in  order  to 
/letr>rmine  whether  ih*'  PL  of  the  nanorods  is  of  excitonic  origin.  It 
was  f<jiin<i  that  for  a  small  **ns»‘mbl<*  of  nanorods  the  iiit«'nsity  is 
ahnost  liiu^ar  with  the  las<T  pow<T;  simitar  b«‘havior  was  fonm’l  for 
(iaN  film.  A  linear  behavior  i.s  indicative  of  an  exitonic  rather  then  a 
bandgap  emission.  However,  for  the  large  ensembles  the  PL  intensity 
exhibits  a  saturation  occurring  already  at  relatively  low  laser  power. 
Our  finding  will  be  discussed  in  terms  of  the  thermal  properties  of  an 
individual  nanorod  as  well  as  the  collective.  Cold  temperature  studies 
will  be  presented  as  well. 

Y5.74  j 

GaK  Naiiorods:  Arc  Tlicy  Different  from  the  Daao  Films? 
Hye-Won  ■Seo\  Quark  Y.  Chen\  Xuemei  Wang*,  Wei-Kan  Chu*,  L. 

W.  Tu^  C.  L.  Hsiao^  T.W.  Chi^  I  Lo=  and  K.Y.  Shieh®;  ‘Texas 
Center  for  Superconductivity  and  Dept,  of  Physics,  University  of 
Houston,  Houston,  Texas;  *Dept.  of  Physics,  National  Sun  Yat-Sen 
University,  Kaohsiung,  l^iwan;  ®Inst.  of  Materials  Science  and 
Engineering,  National  Sun  Yat-Sen  University,  Kaohsiung,  Taiwan. 

Hexagonal  in  crystal  structure,  GaN  was  thought  to  grow  well  on  a 
(111)  silicon  substrate  due  to  similar  base  plane  symmetry.  However, 
because  of  the  high  degree  of  lattice  mismatch,  GaN  nanorods  of 
various  geometries  were  often  found  to  spike  out  of  the  base  thin  film. 
A  natural  question  to  ask  then  is  how  these  spikes  or  nanorods  are 
<lifrerent  from  the  base  film.  In  this  work,  we  conducted  a  comparative 
studies  on  GaN  films  grown  on  (1 11)  Si  wafers  by  plasma  assisted 
MBH.  After  low  temperature  buffer  layer  deposition  at,  GOO-fiOO  C, 
high-teinperaturo  GaN  growth  was  done  at  720  C.  The  nanorods  were 
observed  ns  bright  spikes  on  a  dark  background  of  the  ha.se  film,  which 
also  enrried  its  own  .striat«>d  .surfaeo  morphology  when  iiisp*  rtf  d  with 
differe  nt  proper  contrast  ami  brightne.ss.  'Phe.se  silky  bright  spikes 
appeared  semi-transparent,  as  the  morphology  of  relevajit  area  of  the 
ha.se  film  hidden  behind  the  spikes  was  still  observable.  We  attribute 
the  extra  brightne.s.s  of  the  .spikes  in  the  SE  mode  to  the  enhanced 
secondary  electron  emission,  which  arises  from  the  geometric  size 
effect  n.s  the  scattered  **lerl  rons  have  higher  probability  of  escaping 
from  an  area  of  small  radius  of  curvature.  In  the  CL  image  mode, 
however,  the.se  rods  are  e.s.s**ntially  all  dark,  while  the  base  mat<*rial 
shows  as  striated  bright  and  grey  intermixture.  This  suggests  that  the 
nanorods  arc  indeed  more  perfect  than  the  base  film,  as  the  energy 
bandgap  of  high  quality  GaN  falls  in  the  near-UV  region,  hence  the 
base  area,  which  gives  otil  light  more  in  the  visible  range,  would  have 
to  have  more  defect  stales  to  allow  for  non-radiative  relaxation 
processes  before  a  lower  energy  radiative  process  takes  place.  There 
are.  howev«T,  no  Hist inguisliable  crystallographic  differences  between 
Ih*’  nanorod  aixl  base  areas  as  judged  from  the  similar  EH.SI)  Kikuchi 
patterns.  'Llie  natiorcxls  appeared  to  be  more  sensitive  to  the  electron 
beam  irradiation,  in  this  paper,  we  will  also  present  the  electron  beam 
enhanced  nanostrnct ure  formation  and  transformation.  We  thank 
James  M*’en  for  valiiabb*  discussion  and  technical  a,ssistaneos.  'Phis 
work  was  supporte<l  in  j)art  by  the  State  of  Texas  throtigh  the  1V  xas 
Center  for  Superconductivity  at  University  of  Houston,  USA  and  in 
part  by  the  National  Science  Council  of  the  Republic  of  China. 

Y5.75 

Pcrtiirbation-liiduced  Compositional  Instability  in  Ill-Nitride 
Pseudo- Biliary  Alloy  Films.  Stephen  Roger  Lee,  Sandia  National 
Laboratories,  Albuquerque.  New  Mexico. 

Compo.sitional  stability  in  InCaN  alloys  is  of  broad  interest  for  two 
key  reasons.  First,  compositional  instabilities  may  cause  indium- rich 
doniains.  which  are  thought  to  localize  carriers  and  enhance  optical 
emission  in  InGaN  quantum  wells.  On  the  other  hand,  compositional 
instabilities  in  high-indium-content  InGaN  may  actually  limit  the 
ability  to  produce  efTicient  light  emitters  in  the  deep-green  region  of 
the  optical  spectrtmi.  Previous  studies  of  compositional  stability  in 
Ill-nitride  alloys  typically  use  traditional  bulk-spinodal-decomposition 
inodels.  The  resulting  chemical  spinodal  for  InCaN  predicts  alloy 
instability  at  750  degrees-C  for  InN  mole  fractions  within  the  range 
x=0.2  to  x=:0.8;  but,  the  chemical  spinodal  overstates  the  critical 
temperature  bec.-vuse  it  ignores  elastic  coherency  strains.  Extending 
the  analysis  to  include  bulk  self-coherency  strains  yields  the 
well-known  coherent  spinodal.  Since  bulk  coherence  strongly  stabilize 
the  alloy,  the  coherent,  spinodal  predicts  that  InGaN  should  in  fact  be 
stable  at  all  temperatures  and  compositions.  The  opposing  predictions 


of  the  cli^'miea!  ajxl  roIxTent  si>inoda!.s  can  be  reconcil»‘<!  by  appealing 
to  l'••r^•htly  d»-v*-|o(i***|  {M-rturbiition  t|ieori**«  that  t|v  nt  ii*iv**l  «'lhf»t|** 

*  ir**ct«  itrising  iil  Hi*  fr***-  .Htirfiv  e  of  th*>  niloy,  but  duv  et  tipplt«‘iition  cif 

I  li**M*‘  Iti  III  ifi  hniil*’i|  by  I  h*'  if»»»l rupi*'  *  |MMlii*iiy  th»*«»ry 

•  •fl*  n  iim*m|  til  ihr-ir  iMnntilMt  i«*ii  Tliim,  w*-  niv*  |ir«’ri«  Mfly  MMidilying 
thrs**  tlx'orics  to  iMV’oiint  ft»r  nniNotro|>ic  ci}i.stic  *-ir*-i-tM  pr«Mln<*cd  i>y 
the  wurtzite  structure  of  th**  lll-nitridcs.  Wc  will  prc.scnt  preliminary 
calculations  of  tin*  critical  temperature  required  for  unstable 
amplification  of  compositioital  perturbations  in  unstrained  InGaN, 
InAIN,  and  AIGaN  films.  As  in  cubic  III-V  alloys,  the  perturbation 
theory  predicts  that  the  critical  temperature  in  III-nitrid<r  alloys 
actually  lies  above  the  traditional  chemical  spinodal;  moreover, 
unstrained  InGaN  is  predicted  to  be  unstable  near  750  degrees-C  for 
InN  mob-  fraction.s  within  th*‘  extremely  wide  rang**  x  =  0.l  to  x=().0. 
'rile  U.  S.  I)**pt,  of  Elu  rgy,  Oflic*-  of  liash*  ICnergy  S**i*’n«*e.*i  siipport.H 
this  work.  Locklieed-Martin  op<rrates  Sandia  National  I  laboratories  for 
the  DOE  (DE-ACO4-94AL85000). 
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8:30  AM  Y6.1 

Polarization-dependent  spectroscopy  of  the  near-bandgap 
emission  in  free-standing  GaN.  Plamen  Paskov.  Thnya  Paskova, 
Per-Oiof  Holtz  and  Bo  Monemar;  IFM,  Linkoping  University, 
Linkoping,  Sweden. 

Recently,  with  the  availability  of  high-quality  free-standing  and 
homoepitaxial  GaN  layers,  the  accurate  study  of  free*  and  bound 
exciton  transitions  in  GaN  become  possible.  However,  so  far  all  of  the 
experiments  have  been  performed  with  a  light  wavevector  k  parallel  to 
the  c-axis  and  then  the  excitons  with  a  dipole  moment  perpendicular 
to  c  axis  are  probed.  Here,  wc  present  results  from  a  study  of  the  edge 
emission  (i.e.  with  a  light  wavevector  perpendicular  to  the  c-axis)  in  a 
free-standing  HVPE  GaN.  Such  geometry  allows  us  to  examine 
polarization  properties  of  the  optical  transitions  and  to  reveal  exciton 
states  witli  different  symmetry.  For  the  light  polarized  pcrpen<licular 
to  tlx*  c-axis,  tin*  l(»w-t**iiip**ra(.iiiv‘  PL  .spectrum  r**v**;ils  tin*  typical 
omi.Hsion  peaks  of  the  acceptor- bound  exciton  at  3.4fififi  <*V  an<l  the 
donor-bound  exciton  at  3.471 6  eV  as  well  as  a  broad  emission  from 
the  lower  polariton  branches  of  the  A  and  B  excitons.  When  the 
orientation  of  the  detected  light  is  parallel  to  the  c-axis,  quite  difierent 
spectra  are  obtained.  Now,  the  dominant  emission  peak  occurs  at 
3.4753  oV.  Based  on  the  temperature  dependence,  the  peak  is  assigned 
as  a  donor-bound  exciton  involving  a  hole  from  the  B-valenco  band 
and  its  binding  energy  is  found  to  be  8  nieV.  In  this  polarization,  the 
free-cxciton  emission  is  dominated  by  the  B  exciton-polariton,  but  a 
strong  enhancement  of  the  emission  arising  from  the  lower  polariton 
branch  of  the  C  exciton  is  observed  with  increasing  temperature.  The 
emission  lines  of  the  dipole- forbidden  spin-triplet  .state  and 
longitudinal  state  of  the  A  exciton  are  also  resolved  in  the  spectra. 

The  energies,  relative  intensities  and  temperature  behaviour  of  all 
observed  peaks  are  analysed  in  terms  of  the  polarization  .selection 
rules  and  the  exciton-polariton  concept  in  a  wurtzite  crystals. 

8:45  AM  Y0.2 

Optical  properties  of  seiiii-iiisiilating  Fe-<loped  GaN 
substrates.  Olaf  Gelhans«*n  * .  M.  R.  Phillips’,  E.  M.  Goldys^,  B..  P. 
Vaudo'^’  and  X.  Xu'*;  ‘Microstructural  Analysis  Unit,  University  of 
Technology,  Sydney,  Sydney,  New  South  Wales,  Australia;  ^Division 
of  Information  and  Communication  Sciences,  Macquarie  University, 
North  Ryde,  New  South  Wales,  Australia;  ^ATMI,  Inc.,  7  Commerce 
Drive,  Danbury,  Connecticut. 

HVPE-grown  GaN  substrates  with  different  Fe-doping  levels  were 
studied  by  UV-visible  and  infrared  cathodoluminescence  (CL) 
spectroscopy  and  monochromatic  CL  imaging.  The  CL  intensity  of  the 
Fe®+  emission  line  at  1.299  eV  (*‘Ti  -  ®Ai  internal  transition)  and 
its  multi-phonon  sideband  structure  were  found  to  scale  with  the  Fe 
concentration  and  was  even  detectable  at  room  temperature  in 
samples  with  high  doping  levels  (1  x  10*^  cm“^).  Conversely,  the 
shallow  donor  bound  exciton  (D^X)  emission  intensity  at  3,473  eV 
was  reduced  in  the  samples  with  higher  Fe  content.  In  the  visible 
range,  several  defect  emission  bands  with  much  weaker  CL  intensity 
were  observed.  The  significantly  lower  CL  intensity  of  the  defect 
emission  bands  together  with  the  unstrained  position  of  the  D^X 
emission  indicate  that  the  GaN  substrates  are  of  high  quality.  Three 
defects  bands  were  observed  in  the  sample  with  the  highest 
Fe-concentration,  a  blue  luminescence  (BL)  band  centered  at  2.83  eV, 
the  yellow  luminescence  (YL)  band  at  around  2.2  eV  and  a  broad 
green  luminescence  (GL)  band  centred  at  *^.2.45  eV.  The  GL  is 
tentatively  assigned  to  Fe- related  defect  complexes  since  it  is  not 
observed  in  nominally  undoped  HVPEi- grown  GaN.  Monochromatic 
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on  f  ile  ii]cor)>oi-nt.ion  ot  <  ’  in  ciil)ic  <.JrN  iin<l«'r  exi  rein  <{a  noli 
f^rowt.li  ronditioiiR.  <l^ubic  GaN  is  grown  by  rf-plaAina  assisto<l 
mo|e<Milnr  hcani  epitaxy  (MHK}  on  n<*i!iiinsit]ating  <»aA.s  (001) 
substrates.  'I’he  Ga-rich  growtli  conditions  are  carefully  adjusted  by 
refiection  high  energy  electron  difTraction  (RHRED).  C-doping  of  the 
c-CJaN  is  achieved  by  e-beam  evaporation  of  a  graphit  rode,  Hall-eflect 
measurements  and  temperature  dependent  photoluminesrence  (PL) 
between  2  K  an<l  room  temperature  are  used  for  charaoteriv.ation.  A 
recor<i  hole  concentration  and  hole  mobility  as  high  as 
r>.lxin$j  18)$cm$f-0]$  and  23.5  ein${2}$/Vs,  respectively  is 
measured  by  Hall  clfect  at  room  temperature.  This  is  the  highest  hole 
concentration  ever  reported  for  C-doped  GaN  epilayers.  By  plotting 
the  room  temperature  mobility  values  as  a  function  of  hole 
concentration  a  compensation  ratio  of  about  0.6  could  be  estimated. 
PL-measurements  showed  a  clear  enhancement  of  the  near  band  edge 
liiininescence  of  cubic  OaN:C  grown  under  Ga  excess  in  comparison  to 
that  grown  under  stoichiometrial  conditions.  This  behavior  clearly 
iiulicate  that  Ga-ricli  coiulitions  are  advantageous  for  improved  p-type 
doping. 

0:00  AM  Y^3 

Af>ovo  tui<l  Delow  Dmiclgap  Excitntioii  of 
Complexes  and  Isolate<l  Er  In  Er-Inip]aute<l  GaN. 

Alain  Brand*.  Jean'lx)iiis  Doualan*,  Richard  Moncorge*,  Bert 
Pipeleers^  and  Andre  Vantomme^;  *CIRn/-ISMRA,  Caen,  I'Vance; 
^Hepartement  Natmirkimde,  Instituut  voor  Kern-en  Stralingsfysica, 
LKUVRN,  Belgium. 

Bnp‘-**nrtli  dopfd  <JuN  is  Iwing  whliMy  stiidi(‘<I  for  its  v.arioiis 
npphrttiioMN  in  opiof'h  r'trnnirH  ,  Qiifstions  still  r*«ntnin  alMtut  t|i«- 
fimdiiiii«‘iital  iiti'h  r.sf  andiiig  f»r  tli#*  ni<’«'hiinisttin  tiii<|f‘rlyitig  tli<- 
♦•x»*if  fit  lull  of  rni’**-»*art  h  i<jii»  in  this  host.  In  <>r<l«T  to  d»  fp»’ii  our 
iinderstnixiing  of  the  incorporation  of  rare-earth  ions  in  <.;aN  and  the 
excitation  proce.sses  of  the  -If-shell,  we  first  investigated  the 
photoliimineseeiiee  (PL)  and  photoluminesrenco  excitation  (PLR) 
spectra  of  the  Lr3+  -1!  13/2  ,^-#6 IT. M;  ^115/2  transition  in 
l'>- implanted  (  laN  sampl«\s  at  7K  and  room  Umiporature.  IhidtT 
belovv-gnp  excitation,  one  typ<*  of  Rr  center  appears  to  !>«' 
pr<‘<lotiiinbnt  whih-  other  Rr  centers  are  clearly  excite<l  via  local 
<lef»‘ets  or  impurith-s.  'I'ln*  PLR  spectra  show  on  one  haiul  that  th<* 
number  of  these  Rr-defect  complexes  is  small  compared  to  the  Er 
predominant  center  .and  on  the  other  hand  that  the  defect  absorption 
cross-section  is  much  largiT  than  the  typical  Rr  absorption 
cross-section.  Rr-flefect  complexes  excited  by  above  or  below  bandgap 
light  are  then  compared.  Lumine.scence  dynamics  show  that  the 
^113/2  manifold  has  a  shorl'-r  lifetime  when  Rr  ions  ar«'  pari  of 
Rr-fb‘frct  complex^'S  than  wlc-n  Rr  ions  are  isolated  from  any  r|.-fi-rt.. 
This  r**snlt  indicates  f  he  exisi  once  of  iion-radiative  energy  transf<T  in 
Rr-flofi-et  comploxo.s  from  tfu-  Rr  ions  towards  dofocts.  (3a.ssical  energy 
transfer  models  are  successfully  used  to  describe  Rr  dynamics. 

<  'omparisons  between  dynamics  of  Rr-dcfect  complexes  excited  by 
above  or  below  bandgap  excitation  are  performed.  Luminescence 
saturation  experiments  are  also  carried  out.  Results  are  used  to  derive 
absorption  cross-sections  of  Rr  ions  or  local  defects. 

0:15  AM  Y8.4 

Mo<liilati(»n  of  Arsenic  Incorporation  in  GaN  Layers  Grown 
by  Molecular  Dentn  Epitaxy.  Sergei  V.  Novikov^*^,  L.  X.  Zhao*, 

C.  T.  Foxon*,  B.  Ja.  Ber^,  A.  P.  Kovarsky*,  I.  Harrison®,  M.  W.  Phy"* 
an<l  P.  I).  Brown^;  *  School  of  Physics  and  Astronomy,  University  of 
Nottingham,  Nottingham,  United  Kingdom;  ^lofie  Physical-Technical 
Institute,  St,  Petersburg,  Russian  Federation;  ^School  of  Electrical 
and  Rlectronic  Rngineering,  University  of  Nottingham,  Nottingham, 
United  Kingdom;  ^School  of  Mechanical,  Materials,  Manufacturing 
Rngineering  and  Management,  University  of  Nottingham, 

Nottingham,  Unilod  King<lom. 

Arsenic  doped  GaN  films  grown  by  plasm  a- assisted  molecular  beam 
epitaxy  (PA-MBE)  on  sapphire  substrates  show  very  strong  blue 
emission  at  room  temperature,  which  is  more  than  one  order  of 
inagniiudo  stronger  than  the  band  edge  emission  in  undoped  GaN 
films.  Our  results  demonstrate  that  the  growth  conditions  have  a 
strong  influence  on  the  intensity  of  the  blue  emission  from  As-doped 
GaN  grown  by  PA-MBR.  The  As  incorporation  into  uniformly 
As-doped  (.»aN  layers  was  analysed  by  Secondary  Ion  Mass 
Spectroscopy  (SINIS)  and  using  GaAs-h  secondary  ions  the  As 
concentration  was  estimated  to  between  10(18)  .and  10(19)cm(-3) 
<lepending  on  the  As  flux.  In  this  paper  PA-MBE  growth  and 
properties  of  GaN  layers  with  modulated  As-doping  will  be  discussed. 
Arsenic  periodically-doped  GaN  layers  (GaN/GaN:As/GaN 
superlatticos)  with  different  width  of  the  periods  were  grown  on 
sapphire  substrates.  Arsenic  incorporation  in  GaN  was  analysed  using 
X-ray  diffraction,  IVaiistnission  Electron  Microscopy  (TRM),  SIMS 
and  IMiotofuininosconce  (PL).  By  analysing  results  from  difrerent 
seeondary  ions  in  SIMS  studies  of  A.s-doped  GaN,  we  show  that  the 
<|uantilication  proce<lure  for  SIMS  in  tliis  Ga-N-As  system  depends 
strongly  on  the  chemistry  and  iiiicrostruclure  of  the  sample.  SIMS 


results  using  dill«*iviit  s«'i'oiulary  u>iis  rlearly  confirm  the  exist <>f 
As-modiiiation  in  the  GaN/GaN; As  structures.  1*he  modulation  of  As 
doping  strongly  influ**ne#*s  th**  optical  properties  r>f  <JaN/<laN:As 
superlatticos.  PL  spectra  of  both  the  blue  emission  and  the  band  edge 
emission  are  modified  with  increasing  of  the  period  of  GaN/GaN :As 
superlattice  and  these  changes  will  be  discussed. 

9:30  AM  Y8.5 

Optical  Propcrtic.s  of  Mn-<lopc<I  GaN.  Olaf  Gcihausen* ,  R. 
Malguth*‘®,  M.  It.  Phillips*  ,  R.  M,  Goldys^  M.  Strassburg®,  A. 
Hoffmann®,  'f.  Graf**  and  M.  Stuty.mann** ;  * MicrostriuU.iiral  Analysis 
Unit,  University  of  Technology,  Sydney,  Sydney,  New  South  Wales, 
Australia;  ^Division  of  Information  and  Communication  Sciences, 
Macquarie  University,  North  Ryde,  New  South  Wales,  Australia; 

® Institute  for  Solid- State-Physics,  Technical  University  Berlin,  Berlin, 
Germany;  ‘‘Walter  Schottky  Institute,  Technical  University  Munich, 
Munich,  Germany. 

The  optical  properties  of  molecular  beam  epitaxy-grown  GaN  with 
different  Mn-doping  levels  (5-2.3  x  10^^  cm"®)  were  studied  by 
nV- visible  and  infrared  ratho^loluminesrenco  (CL)  spectroscof>y  ami 
<)ptical  traii.sniissi<»n  lueasuremriits  'rran.smission  measurements  at  2 
K  revealed  an  absorption  peak  at  an  energy  of  l.'IM  ±  fK002  cV, 
which  was  attributed  to  a  photoionization  process  by  internal 
absorption  from  the  Mn®"^  ground  state  to  an  excited  state.  This 
a.ssignment  is  supported  by  the  absence  of  this  transmission  peak  in 
GaN:Mn  samples  codoped  with  Si,  where  an  electron  transfer  process 
from  the  Si  donor  to  the  Mn  acceptor  takes  place.  The  intensity  of 
this  Mii-r#’l:iteil  tr:in.sniis.sioii  p»-ak  was  found  to  s/*ah*  with  tin-  Mn®*^ 
eonei-ntnit ion.  'I'ln-  <  *1,  nn*a.sMr>-iin-nts  sliow«-d  thal  Mn-<loping 
»’<»itrf||tiati«Mi.s  artHunl  lo'*‘  ’  iwhnNvf  tin*  fhunu*  boiitnl 

**mis.sinti  iitlf-iisity  by  nnu-<*  than  «ii-d«*i-  of  miig,nitud«*  and  also 
completely  <|uen<’hed  both  t)u-  shallow  DAP  band  at  .3.27  cV  and  the 
yellow  luminescence  centered  at  2.2  eV.  Additionally,  the  Mn-doped 
GaN  exhibited  a  re<lure<!  intrinsic  conductivity  since  electron  beam 
induced  charging  was  ob.s^'rved.  In  the  infrared  spectral  range  of  0.8  - 
\  A  eV  tlirei-  broad,  Mn-doping  rel.ated  CL  emission  bands  centered  at 
1 ,0.3  eV,  I.Of)  eV  and  <->.-1 .3  eV  wer#-  ob.served,  whieh  were  found  to  be 
highly  beam  .sensitive.  'I'lu-  GaN:Mn  with  the  highest  doping  levels 
displayed  the  strongest  IR  emi.ssion  intensity.  'I'liese  infrarecl  (.’L  band.s 
were  also  observed  In  the  GaN;Mn  codoped  with  Si,  but  not  in  the 
nominally  tirnloped  sampk-,  suggesting  that  their  origin  is  related  to 
<leep  level  structural  defi-ets  with  strong  phonon  coupling  rather  than 
to  the  charge  transfer  processes  involving  the  Mn®'*'  acceptor  itself. 

0:45  AM  Y8.0 

Magnetic  Properties  of  Mn-riope<l  GaN,  IiiGaN,  luul  AIGaN. 
Meredith  L.  Reed*.  R.  Acar  Berknmn^,  Ma.son  J.  Heeil*^,  F.  Rrdein 
Arkiin'^,  Salah  M.  Bedair®,  John  M,  Zavada^  and  Na<lia  A.  Rl-Masry*; 

*  Electrical  and  Computer  Engineering,  National  Research  Council 
and  North  Carolina  State  Univeristy,  Raleigh,  North  Carolina; 
^Department  of  Materials  Science  and  Engineering,  North  Carolina 
State  Univeristy,  Raleigh,  North  Carolina;  ® Department  of  Electrical 
and  Computer  Engineering,  North  Carolina  State  Univeristy,  Raleigh, 
North  C’arolina;  '*Anny  Ke.searcli  Office,  Re.search  3ViangIe  Park, 

North  f’arolina. 

We  report  on  the  growth  arul  magnetic  properties  of  single  crystal 
Mn-doped  GaN,  InGaN,  and  AIGaN  films.  The  Ill-Nitride  films  were 
grown  by  metal-organic  chemical  vapor  deposition,  while  the  Mn 
doping  was  performed  by  solid-state  diffusion  of  a  surface  Mn  layer 
deposited  by  pulsed  laser  ablation.  Mn-doped  In^Gai-^-N  films  were 
grown  with  x  <  0.15,  where  the  ea.sy  axis  of  magnetization  depends 
on  the  stress  state  of  the  In^-  Gaj_j,.N  film.  The  ez«y  axis  rotates  from 
in-plane  to  out  of  plane  by  changing  the  film  thickne.ss  thus  going 
from  strained  to  fully  relaxed  films.  Mn-doped  ALGa|_.,,N  films  were 
grown  willi  x  <  0.40  showing  fi-rromagnetic  behavior  above  room 
temperature.  'Femperature  dependent  superconducting  quantum 
interference  device  measurements  confirmed  the  absence  of 
superparamagnetism  within  the  films.  By  optimizing  the  growth  and 
annealing  conditions  of  Mn-doped  III-Nitrldes,  wo  have  acliiovcd 
Curie  tcinporatiiros  in  the  range  of  228  to  500K.  Those  Mn-doped 
lII-Nitride  films  have  ferromagnetic  behavior  with  hysteresis  curves 
showing  a  coercivity  of  100-500  Oe.  Transmission  electron  microscopy 
confirmed  the  absence  of  any  secondary  phases  within  the  films  used 
in  this  study.  Hall  Effect  measurements  showed  that  magnetic 
properties  exist  in  both  insulating  and  n-type  films. 

10:30  AM  *Y8.7 

Configurations  and  Properties  of  Oxygen  Impurities  in 
Wurtzite  GaN.  Alan  Francis  Wright,  Sandia  National  Lal>oratories, 
Albuquerque,  New  Mt.*xico. 

Atomic  configurations  corrospomfing  to  local-energy  minima  for  an 
isolated  O  atom  in  wurtzit<*  GaN  are  identified  using 
density-functional  throry  aixi  the  g<-neralized-gradi<*Mt  approximation 
for  exchange  and  correlation.  Formation  energies  computed  for  these 


configurations  as  a  function  of  the  charge  state  are  used  to  estimate 
defect  energy  levels  in  the  gap  and  to  predict  the  dominant  O 
configuration  as  a  function  of  Fermi  level.  Substitutional,  interstitial, 
and  DX  configurations  are  examined  and  the  interaction  of  H  with 
these  configurations  is  explored.  Energy  barriers  are  also  reported  for 
O  migration  through  the  lattice.  This  work  was  partially  supported  by 
the  Office  of  Basic  Energy  Sciences,  U.S,  Dept,  of  Energy.  Sandia  is  a 
miiltiprogram  laboratory  o|>erated  by  Sandia  Corporation,  a  Lockheed 
Martin  Company,  for  the  U.S.  Dept,  of  Energy  under  Contract 
DE.AC04-94AL85000. 

11:00  AM  Y8.8 

Efficient  p-type  doping  of  GaN  filmii  by  MBE. 

A  Blmttacharyya* ,  Wei  Li*,  <’  Thomidis',  'J'  D  Moustakas*  and  David 
J  Smith^;  *  Electrical  Engineering,  Boston  University,  Boston, 
Massachusetts;  ^Center  for  Solid  State  Science  and  Department  of 
Physics  and  Astronomy,  Ari7ona  State  University,  Tempe,  Arizona. 

The  efficient  P-type  doping  of  GaN  and  its  alloys  with  InN  and  AIN  is 
still  one  of  the  most  challenging  problems  during  the  fabrication  of 
both  electronic  and  optical  devices  based  on  this  class  of  materials. 
This  is  partly  due  to  the  problems  associated  with  the  deep  nature  of 
Mg  acceptors  as  well  as  to  compensation  during  doping  of  wide 
band-gap  semiconductors,  which  cause  a  reduction  in  hole  mobility. 
Reports  in  the  literature  indicate  that  the  room-temperature 
resistivity  of  Mg  doped  P-type  films  grown  either  by  MOCVD  or 
MBE  has  been  typically  more  than  1  ohm-cm.  In  this  paper  we  report 
enhanced  efficiency  of  Mg  doping  during  growth  of  GaN  films  by 
plasma  as.sisted  molecular  beam  epitaxy.  These  films  were  grown  in 
Varian  Genii  system  with  standard  effusion  cells  and  an  Applied-Epi 
IlF  pta.sma  source  for  nitrogen  activation.  The  inve.stigated  films  were 
grown  with  Ga  BEP  up  to  1.2E-6  Torr,  RF  plasma  power  of  450 
Watts,  and  a  siib.sirale  temperature  of  770C.  The  Mg  flux  wa.s  varied 
from  2.0Fr-8  to  1.2IC-7  Torr.  The  films  were  studied  by  SIMS  analysis, 
room  and  low  temperature  Hall  effect,  Fourier  Transform  spectroscopy 
and  photoliimiiiescenrr*  meamirornent..  Our  data  show  strong 
correintion  bi*tw*'en  Mg-inrorporntion  and  ratio  of  III-V  (liix<‘S.  W»‘ 
liavc  obtained  films  with  room- temperature  hole  concentrations 
ranging  from  1.0E*fl7  to  2.0B4-18  /cm3,  with  corresponding 
mobilities  ranged  from  30  to  6  cm2/Vs.  The  best  resistivity  obtained 
around  0.2  ohm-cm,  which  is  a  significant  improvement  on  the 
typical  values  reported  in  the  literature.  Furthermore  FTS 
transinmion  measurements  indicate  that  the  films  doped  p-type 
I  .OE-f  18/cm3  exhibit  an  abrupt  band-edge  with  no  evidence  of 
band-tailing.  This  is  of  vital  importance  when  these  films  are  used  as 
part  of  vertically  emitting  LEDs,  LDs  and  UV  photodetector 
structures.  We  have  also  conducted  detailed  PL  measurements  on 
these  samples.  It  is  well  known  that  highly  doped  as-deposited  films 
by  MOCVD  or  MBE  generally  exhibit  weak  luminescence  at  room 
temperature.  Upon  annealing  at  high  temperature  for  dopant 
activation,  the  MOCVD  films  show  a  strong  and  broad  blue 
luminescence.  In  this  paper  we  report  highly  doped  GaN  films  which 
exhibit  a  narrow  band-edge  luminescence  as  well  as  D-A  transitions 
attributed  to  Mg  doping.  I'he  peak  positions  and  relative  intensities 
have  been  correlated  to  the  Mg  doping  levels  in  these  films. 

11:1^  AM  Y8.0 

A  CrSiicnl  Look  at  Hole  Transport  in  Mg-dopod  GaN’*'. 

Carleton  H.  Seager*,  Dan  Koleske^  and  Andy  Allerman^;  *01111, 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico;  ^01126, 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico;  ^01126, 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico. 

High  p- layer  conductivity  is  critical  for  achieving  high  power 
operation  of  GaN  and  AlGaN  based  LEDs.  Most  past  work  has 
focused  on  maximizing  the  incorporation  of  Mg  dopants  in  this 
material,  and  problems  with  achieving  purely  substitutional  site 
occupation  have  been  identified.  However,  an  equally,  if  not  more 
important  issue  is  the  low  hole  mobility  usually  seen  in  Mg-doped 
GaN  samples.  Hall  mobilities  greater  than  15  cm^/V.sec  at  300K  are 
almost  never  reported,  despite  the  fact  that  mobilities  »^10x  larger 
have  been  demonstrated*  for  p-type  hexagonal  GaN  grown  by 
ion-assisted  MBE.  Because  of  the  relatively  low  carrier  densities  in 
Mg-doped  CJaN,  ionized  dopant  scattering  is  not  expected  to  reduce 
mobilities  to  the  values  artually  olwervod,  so  thes^'  extremely  low 
valtu-.s  p'liiain  largely  tiiiexplaitie<l.  W«‘  have  grown  heU^ro-epitaxial 
(JaN  layers  doped  with  Mg  and  Si  and  with  Mg  alone  and  measured 
hole  transport  properties  as  a  function  of  temperature.  We  have  paid 
particular  attention  to  the  influence  of  electron  transport  in  the 
nucleatioii  layers  below  the  p-type  GaN  in  reducing  the  apparent 
mobility  seen  in  our  Hall  measurements.  Modeling  of  these  data 
suggest  that  the  reduction  in  mobility  seen  by  deliberately 
introducing  'v^S-lO  x  10**  compensating  donors,  while  noticeable,  is 
not  partiriilurly  sugg»-sliiig  that  stibstaulial  uninU  iuh  d 

compensation  may  already  be  present.  We  will  also  report  transport 
measurements  on  Mg-doped  GaN  which  has  been  activated  (hydrogen 
de- passivated)  by  several  non-standard  methods  and  discuss  the 


implications  for  substantially  improving  the  mobility  of  holes  in  this 
material.  L.  M.  Rubin  et  al,  Appl.  Phys.  Lett.  64,  64  (1994).  *This 
work  was  supported  by  the  Basic  Energy  Sciences  Office  of  the 
Department  of  Energy.  Sandia  is  a  multiprogram  laboratory  operated 
by  Sandia  Corporation,  a  Lockheed  Martin  Company,  for  the  United 
States  Department  of  Energy  under  Contract  DE-AC04-94AL85000. 

11:30  AM  Y8.10  . 

Hydrogen  Release  and  Isotope  Exchange  by  i>-GaN  in 
Vacuum,  N2,  02,  and  H2:  Experiment  and  Theory. 

Samuel  M  Myers,  Bastiaan  L  Vaandrager,  Carleton  II  Seager  and 
William  R  Wampler;  Sandia  National  Laboratories,  Albuquerque, 

New  Mexico. 

The  release  and  isotope  exchange  of  H  by  p-type  GaN  (Mg)  during 
exposure  to  vacuum,  N2,  02,  and  H2  has  been  measured  and 
quantitatively  described  by  a  unified  theoretical  model.  The  resultant 
understanding  bears  on  the  optimization  of  acceptor-activation 
anneals  in  device  processing.  Using  deuterium  with  nuclear- react  ion 
analysis  permitted  release  isotherms  to  be  followed  over  two  decades 
in  bulk  concentration,  facilitating  the  determination  of  kinetics. 
Surface  accumulation  of  oxygen  was  quantified  by  employing  0-18 
with  nuclear- reaction  analysis.  IR  spectroscopy  of  the  Mg-H  complex 
probed  the  concentrations  of  both  protium  and  deuterium  during 
isotope  exchange.  All  results  are  quantitatively  consistent  with  a 
model  whereby  H  in  bulk  solution  equilibrates  rapidly  with  a  small 
population  in  surface  sites,  so  that  adsorption  and  desorption  limit 
the  movement  of  H  to  and  from  solution.  In  high  vacuum  and  UHV, 
the  desorption  is  predominantly  by  H-H  recombination  and  is 
second-order  in  H  surface  coverage,  as  previously  reported  by  us. 
Lengthy  vacuum  isotherms  additionally  reveal  an  emerging  first-order 
H-dosorption  proco.ss,  provisionally  attributed  to  the  release  of  N-M 
species.  N2  at  atmospheric  pressure  increases  the  finst-ordcr 
contribution  by  several  times,  possibly  through  an  enhanced  density  of 
reactive  surface  N.  02  has  a  much  larger  effect,  accelerating  H  release 
by  more  than  a  <lera<le  at  pre.Hsiires  in  the  torr  range.  02  isotherms 
in<lu*atf*  lirst.<>rd«-r  1 1  d'*.sorption  initially,  eoMHist<«nt  with  tlu«  iv‘|i*as#* 
of  O-II  species.  'I'he  releiwe  then  slow.s  abruptly,  correlating  with  the 
buildup  of  O  as  expected  for  oxide-blocking.  Isotope  exchange 
between  solution  and  external  H2  gas  is  orders  of  magnitude  faster 
than  release  into  vacuum,  confirming  H-H  recombination  as  the 
dominant  rate-determining  step  in  release.  Supported  by  the  Office  of 
Basic  Energy  Sciences,  US  DOE.  Sandia  is  a  multiprogram  laboratory 
operated  by  Sandia  Corporation,  a  lx>ckheed  Martin  Company,  for  the 
US  DOE  under  Contract  DE-AC04-94AL85000. 

11:46  AM  Y8.11 

Mg  Doped  GaN  Using  A  Valved,  Thermally  Energetic 
Source:  Enhanced  Incorporation,  Control  and  Quantitative 
Optimization.  Shawn  Burnham*.  G.  Namkoong*,  W.  A.  Doolittle* 
and  A.  S.  Brown*;  *  Electrical  and  Computer  Engineering,  Georgia 
Institute  of  Technology,  Atlanta,  Georgia;  *Duke  University,  Durham, 
North  Carolina. 

P-type  GaN  ha.s  traditionally  been  grown  by  molecular  beam  epitaxy 
(MBE)  with  Mg  as  the  dopant,  using  an  effusion  cell  with  the  flux  a 
function  of  the  cell  temperature.  However,  due  to  the  high  vapor 
pre.ssurc  of  Mg,  it  is  difficult  to  control  the  flux  using  cell  temperature 
alone.  Given  the  small  sticking  coefficient  and  surface  accumulation 
issues  related  to  Mg  doped  GaN,  it  may  be  beneficial  to  have  a  more 
reactive  species  of  Mg  impinging  on  the  sample  surface. 

Unfortunately,  with  conventional  effusion  cells,  the  flux  and  flux 
energy  are  coupled  together  through  the  cell  temperature.  It  would  be 
ideal  to  control  the  flux  separately  from  the  flux  energy,  as  well  as 
attenuate  the  flux  independently  of  the  cell  temperature  with  a  valve 
control.  In  this  study,  a  thermally  energetic  Mg  source  with  a  valved 
flux  control  is  used  to  vary  the  Mg  concentration  in  GaN.  Mg  flux  is 
varied,  retaining  a  constant  thermal  energy,  from  le-10  Torr  beam 
equivalency  pressure  (BEP)  to  well  above  the  saturation  limit*  (3e-9 
Torr  BEP)  in  steps  separated  by  undoped  GaN  layers.  To  observe 
effects  of  the  thermal  energy  of  the  Mg  flux  on  Mg  incorporation,  two 
Mg  temperature.*}  were  investigated:  one  well  above  the  melting  point 
of  Mg  (900^C)  and  one  slightly  below  the  melting  point  of  Mg 
(625®C).  Results  were  analyzed  using  secondary  ion  mass 
spectrometry  (SIMS).  For  a  constant  BEP,  the  incorporated  Mg 
liicrcas<-«:l  by  givairr  than  ten  times  when  the  Mg  thermal  .source 
temperature  was  rai8e<l  from  625*^0  to  900*0.  During  SIMS  analysis, 
the  energy  spectra  of  sputtered  atoms  shifts  at  a  flux  slightly  below 
the  critical  flux  for  saturation,  possibly  providing  a  quantitative 
means  of  optimizing  p-type  conduction.  This  effect  may  be  related  to 
a  change  in  sample  charge  incurred  from  a  transition  from  insulating 
to  conducting  layers.  *G.  Namkoong,  W. 

A.  Doolittle,  and  A.  S.  Brown,  Applied  Physics  Letters  77,  4386  (2000). 
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1:30  PM  YO.l 

High  optica]  efficiency  GaN  layers  on  O  and  Zn  face  ZnO. 
Xing  Gu*,  Faxian  Xiu\  Michael  Reschikov^,  Lei  He^ .  Feng  Yun\ 
Daniel  Johnst-one*,  Jeff  Natise^  and  lladis  Morkoc*;  *  Electrical 
Engineering,  Virginia  Commonwealth  University,  Richmond,  Virginia; 
^Cermet  Inc.,  Atalanta,  Georgia. 

ZnO  is  a  highly  eflicirnt  photon  emitter,  has  optical  and  pi<-/(M*h‘i*tric 
properties  that  are  attractive  for  a  variety  of  applications.  Due  to  its 
.stacking  order  and  close  lattice  to  GaN,  it  is  also  considered  as  a 
.snh.strat#*  nint«*rial  for  GaN  **pitaxy.  In  th^  past  thr*  po<ir  pr^‘paratif>n 
or  ZiiO  snrfaoj-  has  hfi*n  it  major  haialicap  tti  GaN  **pitaxy.  M*»w»‘v»*r, 
a  treatment  we  developed  renders  both  O  and  Zn  faces  of  ZnO  smooth 
with  atomic  scale  terraces.  Epitaxy  of  GaN  on  O-face  and  Zn-face 
ZnO  by  reactive  molecular  beam  epitaxy  was  performed.  We  used 
low-temperature  RF  growth  of  GaN  buffer  layer  on  ZnO  surface  to 
protect  it  from  both  ammonia  and  Ga.  No  Ga2Zn04,  an  oxide  with 
the  spinel  structure,  formed  due  to  reaction  of  ZnO  with  Ga,  was 
found,  in  contrast  to  earlier  reports.  The  low- temperature 
photo! nminescence  (PL)  indicates  that  both  faces  of  ZnO  lead  to  GaN 
with  high  radiative  efhciency.  In  the  previous  research  it  has  been 
reported  that  O-face  ZnO  is  slightly  better  for  GaN  epitaxy.  Our  new 
finding  demonstrates  that  high-quality  GaN  opilayers  can  be  grown  on 
Zn  face  of  ZnO  as  well  indicating  the  efficacy  of  the  surface  treatment, 
In  particular,  contribution  of  the  donor- accepter- pair  PL  band  in  GaN 
on  Zn-face  ZnO  is  lower  that  that  on  O-face  ZnO,  although  both  of 
them  are  in  pretty  low  level  compared  with  the  exciton  peak.  This  can 
be  att  ribiiied  to  a  reduced  O-background  doping  into  GaN  from 
Zn-fac<-  ZnO  compared  with  O-faco  ZnO. 

1:4G  PM  Y0.2 

Struoiural  optical  characterization  of  (l]iGa)N  layers 
grown  by  MOMDE.  Pierre  lluterana* .  Protima  Singh’,  Jochen 
Ad^-rhold**,  Jurgen  (iranI*  and  Valery  Yu.  Davydov’*';  ’LEKMAT, 
ENSIGAEN,  Caen,  France;  ^University  of  Hannover,  LFL,  Hannover, 
Ornmny;  ^ IOFFE,  St  Petersburg,  Russian  Federation. 

Nitride  semiconductors  (AIN,  GaN,  InN  and  their  alloys)  have  great 
potential  for  use  in  optical  devices  and  high-power,  high-freqtiency 
electronic  devir^s.  Among  these  nitrides,  InN  has  the  smallest 
effective  mass  an<l  the  highest  ejeetron  drift  velocity.  Which  sets  if  as 
a  very  promising  material  for  the  channel  layers  in  high-spee<l  and 
high-frequency  elect romr*  ilevices.  However,  difficult  ios  in  growing  high 
quality  InN  films  have  liiiultTcd  the  understanding  of  the  properties  of 
InN  and  their  applications.  During  the  past  few  years,  the 
development  of  growth  techniques,  especially  in  molecular  beam 
epitaxy  (MBE),  have  significantly  improved  the  quality  of  InN  films 
attaining  Hall  mobility  beyond  2100cm2/Vs  and  carrier 
concentration  close  to  3*101 7/cm3  at  room  temperature.  In  these  high 
quality  InN  films,  a  narrow  bandgap  (<0.7  eV)  has  been  reported. 
However  structural  properties  of  InN  films  such  as  defects,  interface, 
crystallinity,  polarity  etc.  have  been  studied  rather  poorly.  In  this 
work,  we  investigate  the  microstructure,  defects  and  growth  modes  of 
(In,  Ga)N  films  grown  by  MBE  using  transmission  electron 
microscopy  (TEM).  Thick  ternary  films  were  successively  grown  for  an 
indium  fraction  varied  from  6%  to  100%,  we  analyze  the  evolution  of 
the  Inver  structure  versus  the  indium  composition.  We  correlate  the 
rcsiiit.s  of  surface  roughness  analysis  by  AFM  to  the  TEM 
mea.suronionts  of  the  surface  morphology.  The  overall  crystal  state  is 
investigated  also  by  XHD  and  correlated  to  TEM  imaging  and 
diffraction  for  a  complete  determination  of  the  nature  of  defects  inside 
the  layers  and  their  distribution  versus  the  In  composition.  PL 
measurement  allow  tis  to  follow  the  evolution  of  the  band  gap  energy. 

2:00  PM  Y9.3 

The  Structure  of  Dislocations  in  GaN  Grown  by  MBE  as  a 
Function  of  the  Gallinni  to  Nitrogen  Ratio.  Marcus  Q.  Baines’, 
David  Cherns*  and  C  Thomas  Foxon^;  ’HH  Wills  Physics  Laboratory, 
University  of  Bristol,  Bristol,  United  Kingdom;  ®Dept  Physics  and 
Astronomy,  University  of  Nottingham,  Nottingham,  United  Kingdom. 

Determining  the  core  structure  and  surroundings  of  dislocations  is  of 
great  interest  in  understanding  their  electrical  properties.  In  previous 
work  (Baines  ei  al,  Mat.  Res.  Soc.  Symp.  Proc.  Vol.  743  L2.5,  (2003)] 
we  showed  that  GaN  films  grown  under  Ga-rich  conditions  contained 
open-core  dislocations,  whereas  dislocations  in  Ga-lean  samples  were 
closed-core.  In  this  work  we  investigate  samples  grown  with  a  range  of 
<Ja  i>ressures  by  molecular  beam  epitaxy  (MBE)  on  GaN  templates  on 
sapphire  substrates.  The  surface  morphology  was  studied  by  atomic 
force  microscopy  (AFM).  1’his  showed  that  in  samples  grown  under 
Ga-ricli  conditions  surfaces  were  generally  smooth  but  with  a  few 
well-spaced  and  pronounced  pits.  In  contrast,  samples  grown  under 


Ga-poor  comlitions  wer**  much  rougher  on  a  fine  .scalv.  'IVansmission 
♦*l*^rtron  ini^rcmcopy  ('nCM)  imag»'H  tnk^n  on  plan  vi»'W  Niimiih'S 
Ml  giMMi  ngiv'/'in^nt  willi  l.hr'  AFM  iv'niiliw.  Th<'S/'  nlu*li'',n  nho  shows'll 
that  the  pits  ob.sorved  in  Ga-rich  samples  extended  into  the  foil,  and 
were  generally  but  not  always  as.sociated  with  tlireading  <lislocati(>ns. 
More  detailed  studies  showed  that  some  of  these  open  core 
dislocations  had  edge  or  a-components  of  the  Burgers  vector,  in 
contrast  with  previous  work  showing  that  hollow  core  dislocations  are 
exclusively  of  screw  type  [Gherns  et  al,  J  Cryst  Growth  178  (1-2); 
201-20fi  (1007)].  The  pits  were  often  hexagonal  at  the  intersection 
with  the  surface  and  were  sometimes  decorated  with  an  amorphous 
deposit  believed  to  lx-  Ga-rich.  Conversely,  in  samples  grown  under 
Gu-poor  <‘oiiditiot)s  wns  no  #*virl»‘ncc  that  ^li.sh>^’ntir)nH  w«‘r»* 

correlutr<l  with  <*xt*  n«h*d  .surface  pits.  'I’lie  paper  will  <h’.sej  il)e  how  lh<‘ 
structure  of  the  dislocations  changes  with  the  Ga/N  ratio  and  the 
natur*'  of  th»*  amorphous  <'l»‘posits. 

2:15  PM  Y0.4 

Atomic  Scale  Characterization  of  Impurity  Segregation  and 
Electronic  Structure  Changes  at  Dislocations  in  GaN. 
like  Arslan’.  Serdar  Ogut^  and  Nigel  D  Browning®’^;  'Physics, 
University  of  California-Davis,  Davis,  California;  ’Physics,  University 
of  Illinois,  Chicago,  Illinois;  ^Chemical  Eng.  &  Mails  Science, 
University  of  California-Davis,  Davis,  California;  National  Center  for 
Electron  Microscopy,  Lawrence  Berkeley  National  Lab,  Berkeley, 
California. 

Despite  an  intense  research  effort  for  more  than  a  decade,  the 
rundamentat  role  of  di.sloration  cores  in  GaN  is  still  the  subject  of 
strong  debate.  Although  GaN-ba.sed  light  emitting  diodes  (LEDs)  and 
lasers  are  currently  being  fabricated,  device  failure  is  the  principle 
cause  of  continued  research  into  the  relationship  between  structure 
and  properties  of  threading  dislocations.  Furthermore,  impurity 
segregation  to  dislocation  cores  is  an  important  and  understudied 
subject  area,  particularly  for  prevalent  impurities  such  as  oxygon.  To 
study  those  effects,  a  detailed  atomic  scale  characterization  of  the 
structural  and  electronic  properties  has  been  performed 
experimentally  using  the  simultaneous  atomic  resolution  Z-conlrast 
imaging  and  electron  energy  loss  spectroscopy  (EELS)  techniques  in  a 
scanning  transmission  electron  microscope  (STEM),  and  theoretically 
using  density  functional  theory  (DFT)  calculations.  Previous 
simulations  indicated  that  intrinsically  there  are  no  states  formed  in 
the  haiKl  gap,  and  heuc<-  sioichiornotric  cores  are  not  responsible  for 
electrical  activity.  With  the.se  simulations  as  a  basis,  atomic  resolution 
experiin'^'nt.s  wer^*  performed  on  three  variants  of  s^r^w  disloeations; 
the  open  ''or**,  th*-  partially  filled  core,  and  the  full  eor**  In  ih**  op»*n 
core,  oxyg'*n  was  found  to  be  present  at  the  edges  of  lli*-  core,  having 
the  strongest  concentration  at  the  surface  layers,  but  continuing  for 
approximately  20  monolayers  into  the  sample.  The  partially  filled  core 
had  a  weaker,  but  measurable  oxygen  signal,  and  the  full  core  was  not 
found  to  contain  oxygen  within  the  detection  limits.  These  oxygen 
impurities  create  states  in  the  band  gap,  and  hence  appear  to  be  the 
origin  of  the  unwanted  electrical  activity  at  the  cores.  The  results 
suggest  that  this  electrical  behavior  primarily  arises  from  the  open 
and  partially  filled  cores,  which  are  much  less  prevalent  than  the  filled 
cores,  and  may  explain  the  initial  insensitivity  of  GaN  devices  to  the 
high  density  of  threading  dislocations. 

2:30  PM  Y0.5 

Microstructure  of  Thick  InGaN  Epitaxial  Layers.  Lijian  Geng' , 
Sridhar  Srinivasan',  Rong  Liu',  Bin  Jiang',  Hiromasa  Omiya' , 
Fernando  A.  Ponce',  ShinjI  Tanaka’  and  Yoshinori  Nakagawa’; 
'Physics  and  Astronomy,  Arizona  State  University,  Tempe,  Arizona; 
’Nichia  Corporation,  Anan,  Tokushima,  Japan. 

InGaN  quantum  wells  used  in  the  active  region  of  light  emitting 
devices  are  usually  grown  under  conditions  far  from  equilibrium. 

Their  microscopic  properties  are  not  well  understood  due  to  the  fact 
that  the  layers  are  severely  strained  and  exhibit  strong  piezoelectric 
fields,  and  to  the  lack  of  information  about  bulk  properties  of  these 
alloys.  Knowledge  of  the  microstructure  of  InGaN  thick  layers  is 
limited  at  the  present  time  due  to  the  difficulty  in  growing 
high-quality  thick  films.  In  this  study  we  have  studied  the 
microstructure  of  100  nm  thick  InGaN  films  using  TEM.  The  layers 
were  grown  on  GaN  on  sapphire  using  MOCVD  with  the  indium 
compositions  ranging  from  0.03  to  over  0.22  as  determined  by 
Rutherford  backseat tering  spectroscopy.  We  observe  significant 
changes  in  the  microstructure  as  the  indium  composition  is  varied. 
Samples  with  indium  composition  below  0.09  are  highly  homogeneous. 
Samples  grown  in  the  range  0.09  to  0.17  exhibit  a  mostly 
homogeneous  matrix  with  isolated  indium-rich  regions  in  the  vicinity 
of  pits  at  the  termination  of  threading  dislocations.  For  compositions 
above  0.17,  there  is  a  breakdown  in  the  crystalline  structure  and  the 
layer  is  polycrystalline  in  nature.  Our  observations  of  microstructure 
closely  follow  .solid  phase  miscibility  calculations  for  InGaN  published 
in  the  literature.  'I'his  study  gives  a  fundamental  understanding  of  the 
nature  of  these  materials  and  could  be  useful  in  solving  key  issues 
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associated  with  the  growtii  of  high-quality  InGaN. 

2:45  PM  Y0,0 

Dislocation  Propagation  and  Strain  Relaxation  in  GaN  Films 
on  Porous  SiC.  Ashutosh  Sagar\  Randall  M  Feenstra*,  C.  K, 
Inoki®,  T.  S.  Kuan^,  F.  Yun^  and  H.  Morkoc®;  *  Physics,  Carnegie 
Mellon  University,  Pittsburgh,  Pennsylvania;  ^Physics,  University  at 
Albany,  SUNY,  Albany,  New  York;  ^Electrical  Engineering,  Virginia 
Commonwealth  University,  Richmond,  Virginia. 

We  have  grown  GaN  on  porous  SiC  substrates  and  studied  the  effect 
of  siib.st.rate  porosity  on  tiu'  overgrown  film  quality  in  terms  of  defect 
structure  and  film  .strain.  'I'he  growth  was  perform*‘<l  by  both 
plasma-assisted  molecular  beam  epitaxy  and  reactive  molecular  beam 
epitaxy.  The  GaN  films  were  characterized  by  x-ray  diffraction, 
transmission  electron  microscopy  (TEM)  and  wafer  curvature 
measurements  by  surface  profilometry.  TEM  images  show  that  tlie 
GaN  film  grown  on  porous  substrates  contains  open  tubes  and  a 
relatively  low  dislocation  density  in  regions  between  tubes.  The  open 
tubes  originate  from  the  pores  of  the  SiC.  We  discuss  various  growth 
mechanisms  that  can  lead  to  these  defect  features  in  the  GaN  film. 

We  do  not  find  any  overall  Improvement  in  the  x-ray  rocking  curve 
FWHM  of  the  GaN  films  grown  on  porous  substrates  compared  to 
tho.se  on  nonporous  substrates.  However,  it  was  found  that  the  GaN 
films  grown  on  porous  SiC  were  significantly  more  strain  relaxed 
compared  to  those  grown  on  nonporous  substrate.  We  attribute  this 
strain  relaxation  not  to  elastic  relaxation  of  the  porous  layers,  as 
suggested  by  some  prior  authors,  but  rather  to  enhanced  formation  of 
strain-relieving  dislocations  near  pores  due  to  concentration  of  stress 
near  the  pores.  The  additional  dislocations  needed  to  relieve  strain  in 
the  films  grown  on  the  porous  layers  are  observed  in  the  form  of 
half-loop  dislocations  originating  at  the  walls  of  open  tubes  in  the 
GaN  films.  The  half-loop  dislocations  glide  in  from  the  tubes.  The 
Burgers  vectors  of  the  half- loops  indicate  that  they  are  strain 
relieving.  As  a  model  for  the  observed  strain  reduction,  we  propose 
that  the  half-loops  nucleate  (and  glide)  as  long  a.s  the  stre.ss  energy  in 
the  film  is  sufficiently  high,  and  as  soon  as  the  stress  is  relieved  by  a 
sufficient  number  of  these  dislocations  then  no  more  will  be  formed 
and  the  film  strain  remains  constant.  To  verify  the  role  of  the  tubes  in 
the  GaN  films  as  ’’stress  concentrators”  we  have  performed  finite 
♦•lt‘m»*nt  nimlysi.H  of  a  sirnitu'd  film  containing  simh  tnbo.s.  W«-  do 
in*l»**M|  tin  ill  Ihf  ttitig«'ntial  compoiuMit  t>f  Ih#-  strf.ss  iit 

the  tube  walls,  incretwing  e,g.  by  about  a  factor  of  two  for  a  5% 
porous  film.  For  the  same  film,  the  average  in-plane  component  of  the 
strain  elmiig^’s  only  slightly,  d«'monsiraiing  that  elastic  relaxation 
(<liu‘  to  tli*‘  pr<*.s»*iie«*  of  i.h»*  tiilv.H)  <!oes  not  contribute  significantly  it) 
overall  strain  reduction  in  the  film. 

3:30  PM  *Y0.7 

Atomic  Structure  of  Defects  in  GaN:Mg^  Influence  of 
Annealing.  Zuzanna  Liliental-Weber^ .  Tomasz  Tomaszewicz*,  Dmitri 
Zakharov*,  Jacek  Jasinski*,  Michael  O’Keefe*  and  Kimmo  Saarinen^; 

*  Materials  Science  Division,  Dawrence  Berkeley  National  Laboratory, 
Berkeley.  <.\alifornia;  ‘^Helsinki  University  of 'recliiiology,  Espoo, 
Finland. 

A  direct  reconstruction  of  the  phase  and  amplitude  of  the  scattered 
electron  wave  from  a  focal  scries  of  high- resolution  images  was  applied 
to  determine  the  nature  of  defects  formed  in  GaN:Mg  bulk  crystals 
grown  from  dilute  solution  of  atomic  nitrogen  in  the  liquid  gallium  at 
high  pressure  and  also  in  crystals  grown  by  MOCVD  method. 

Crystals  grown  with  Ga-polarily  were  studied.  The  majority  of  defects 
are  throe  dimensional  Mg-rioh  pyramids  with  their  base  on  the  (0001) 
plane  and  six  walls  which,  on  average,  can  be  described  as  { 1 1-23} 
plane.s.  Detailed  high  re.solutlon  study  show  formation  of  facets  or  the 
formation  of  dome  slia)>ed-figiires  on  the  side  walls.  .Some  of  tlw.se 
defects  appear  in  cross-section  as  rectangular  defects.  'I'hese  defects 
are  terminated  by  c-planes.  Such  defects  can  be  parts  of  pyramids  in 
thin  TEM  foils  or  can  be  formed  from  large  clusters  of  Mg 
accumulated  on  the  c-plano.  I’hese  two  shapes  of  defects  observed  in 
cross-section  foils  cannot  be  distinguished  tn  plan- view  observation. 
The  density  of  pyramidal  defects  depends  on  Mg  concentration  but 
their  distribution  within  the  crystal  is  not  always  uniform.  Formation 
of  new  pyramidal  defects  can  be  observed  upon  annealing.  Correlation 
of  these  results  with  phot.oluminescence  studies  performed  on  the 
same  crystals  will  be  presented.  The  mechanism  of  formation  of  these 
defects  is  rather  complex.  Very  often  the  thickness  within  the  defects 
is  smaller  than  .surrounding  matrix,  and  some  of  them  have  empty 
holes  within  the  defects.  Our  recent  studies  using  focal  series  of 
high- resolution  images,  which  allows  one  to  distinguish  between  Ga 
and  N  atoms,  showed  that  some  of  these  defects  are  inversion  domains 
and  other  are  not.  It  will  be  shown  that  inversion  areas  are  close  to 
the  pyramid  walls  but  the  cetiter  of  the  defects  can  be  empty  or  can 
show  slightly  modified  compo.siiion.  Since  growth  rate  with  N  polarity 
is  slower  then  growth  with  Ga-polarity  (characteristic  for  the  matrix), 
it  is  not  surprising  that  some  empty  areas  can  be  formed  within  these 
defects.  Formation  of  empty  holes  in  GaN:Mg  was  also  confirmed  by 


positron  annihilation  study.  The  models  of  the  inversion  initiated 
from  the  side  walls  and  revei-sing  the  polarity  on  the  base  of  the 
defect,  which  allows  further  growth  with  the  matrix  polarity,  will  be 
presented. 

4:00  PM  Y9.8 

Influence  of  Growth  Parameters  on  the  Deep  Level  Spectrum 
in  MBE-Grown  n-GaN.  Aaron  Arehart*.  C.  Poblenz*,  B.  Heying^, 
J.  S.  Speck®,  U.  K.  Mishra®,  S.  P.  DenBaars®  and  S.  A.  Ringel^; 
‘Department  of  Electrical  Engineering,  The  Ohio  State  University, 
Columbus,  Ohio;  ®Materials  and  Electrical  and  Computer  Engineering 
Departments,  University  of  California,  Santa  Barbara,  California. 

I'lie  impact  of  growth  temperature  and  Ga/N  flux  ratio  on  deep  levels 
in  GaN  grown  by  molecular  beam  epitaxy  (MBE)  is  systematically 
investigated  using  both  deep  level  optical  spectroscopy  (DLOS)  and 
deep  level  transient  spectroscopy  (DLTS)  in  a  study  designed  to  map 
out  the  presence  and  concentration  of  defects  over  a  defined  region  of 
the  MBE  GaN  growth  phase  diagram.  A  series  of  Si-doped  GaN  films 
were  grown  to  cover  a  substrate  temperature  range  and  a  Ga/N  flux 
ratio  range  that  .spans  from  the  N  stable  to  the  Ga  droplet  regimes 
along  both  variables.  Identical  growth  templates  were  used  to 
eliminate  variations  in  dislocations  between  samples  so  that  point 
defect  variations  could  be  tracked.  For  all  samples,  traps  arc  detected 
at  Ec-E<=0.25,  0.60,  0.90,  1.35,  2.40,  3.04,  and  3.28  eV.  The  near 
valence  bands  states  at  Ec-3.04  and  Ec-3.28  eV  are  found  to  be 
strongly  dependent  on  Ga/N  flux  with  decreased  concentrations  as  a 
function  of  increasing  Ga  flux  toward  t.lic  Ga  droplet  regime,  but  witl» 
little  effect  from  growth  temperature.  In  contrast,  the  concentration  of 
the  Ec-E<=0.25,  0.90  eV  levels  increases  with  increasing  Ga  flux 
toward  the  Ga  droplet  regime  but  with  a  similar  lack  of  dependence 
on  growth  temperature.  The  Ef:-Ei=0.60  and  1.35  eV  levels  show 
altogether  different  behavior  with  higher  concentrations  at  increased 
growth  temperature,  but  with  no  appreciable  dependence  on  the 
Ga/N  flux  ratio.  The  variation  in  concentration  of  the  Ec-2.40  eV 
level  that  has  been  attributed  to  Vg*i  is  difficult  to  quantify,  but  no 
strong  correlation  with  growth  parameters  is  observed  over  the  range 
studied.  The  dependencies  for  the  detected  states  with  respect  to 
growth  temperature  and  Ga/N  flux  ratio  suggest  different  physical 
point  defect  sources,  which  will  be  discussed  in  detail  in  the  context  of 
growth  conditions  niul  the  growth  phase  diagram. 

4:15  PM  Y0,0 

Morphology^  Microstructiire^  and  Mechanisms  of  Strain 
Relaxation  of  AIN  Interlayers  in  AIGaN/GaN  on  Snpi>hire. 
Kaivh  E.  WuMrip*,  .S.  B.  J.  A,  Floro* ,  D.  M  l•oIlsltM•dt^  J. 

A.  J.  Fischer',  D.  D.  Koleske*,  A.  A.  Ailerman*,  D.  J. 

Smith®,  U.  Chowdhury®,  R.  D.  Dupuis®,  B.  P.  Glia'*  and  C.  R. 
Abernathy ■*;  'Physical  and  Chemical  Sciences  Center,  Sandia  National 
Laboratories,  Albuquerque,  New  Mexico;  ® Department  of  Physics  and 
Astronomy,  and  Center  for  Solid  State  Science,  Arizona  State  . 
University,  Tempe,  Arizona;  ® Department  of  Electrical  and  Computer 
Engineering,  University  of 'Pox as  Au.stin,  Austin,  Tcxa.s;  ‘‘Department 
of  Materials  Science  and  ICngineoring,  University  of  Florida, 
Gainesville,  Florida;  ®Yale  University,  New  Haven,  Connecticut. 

Cracking  of  AIGaN  on  GaN  due  to  tensile  strain  and  its  consequences 
for  device  performance  is  a  well-documented  problem.  Thin  interlayers 
of  AIN  inserted  between  the  AIGaN  and  GaN  layers  have  been  shown 
to  suppress  cracking  in  AIGaN.  It  has  been  suggested  in  the  literature 
that  the  AIN  relaxes  during  growth,  thereby  producing  a  template 
with  a  new  (smaller)  lattice  constant  for  further  growth.  Cross-section 
transmission  electron  microscopy  (TEM)  measurements  reveal  about  a 
lOX  increase  in  threading  dislocations  with  burgers  vector  b  =  a  in 
the  crack-free  AlflaN  overlayers.  In  or<ler  to  investigate  the  origin  of 
these  <li,slocat.ion.s,  we  pn  seiit  a  <letailed  characterization  of  the 
AlN/GaN  interface  for  several  thicknesses  of  AIN  deposited  at  high 
temperature  (1050C).  Data  collected  from  atomic  force  microscopy, 
high- resolution  TEM,  high-resolution  x-ray  diffraction,  and  in  situ 
stress  measurements  arc  combined  to  elucidate  the  mechanisms  of 
stress  relaxation  of  AIN  on  GaN  grown  on  sapphire  by  MOCVD.  It  is 
found  that  AIN  growth  proceeds  two  dimensionally  for  the  first  few 
monolayers,  after  which  it  undergoes  a  morphological  transition 
producing  islands  approximately  50-100  nm  wide.  Geometrical 
arguments  regarding  island  size  and  shape  indicate  that,  depending 
upon  thickness,  90%  or  more  of  the  strain  relaxation  of  the  AIN 
interlayers  can  be  accounted  for  by  morphology.  Cross-section  TEM 
lattice  images  showed  that  the  AIN  islands  are  coherent,  indicating 
that  no  misfit  dislocations  are  present  at  the  AlN/GaN  interface 
immediately  prior  to  AIGaN  overlayer  growth.  Morphological 
relaxation  of  the  coherent  AIN  creates  inhomogeneous  strain  fields 
that  may  provide  addition**!!  pathways  for  the  nucleation  of  strain 
relieving  dislocations,  as  well  as  non-zero  Peach-Kochler  forces  that 
enable  dislocation  glide  along  first  order  slip  systems  in  the 
compressively  strained  AIGaN  overlayers.  The  results  from  this  study 
will  be  di.scussed  in  terms  of  optimization  of  interlayer  design  for 
optical  devices.  1’his  work  was  partially  supported  by  the  DOE  Office 
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Striiiii  (lirttrihtitioii  in  GnN/Si(lll)  opilayorM  with  iiiH<!rta<l 
SiN.  Axel  Hoffmann ^  Utc  Haboeck\  Christian  Thomsen*,  'Pil! 
Kiomann’,  Prank  Bertram®,  Jnergon  Christen®,  Armiti  l)ad|;ar®  and 
Alois  Krost®;  *lnst.  f.  Fstkoorperphysik,  TU  Berlin,  Berlin,  CJormany; 
®Institut  fuer  Experimentelle  Physik,  Otto- von- Guericke  Universitaet, 
Magdeburg,  Magdeburg,  Germany. 

Control  of  strain  distribution  and  eliminating  of  crack  formation  is 
e.ssenf  ial  for  the  growth  of  high  quality  GaN/Si  epilayers.  The  lattice 
mismatch  between  epilayer  and  substrate  and  in  particular  the 
different  thermal  expansion  coefficients  are  origin  of  tremendous 
tensile  stress.  The  insertion  of  low- temperature  AIN  [1]  combined  with 
ultra-thin  SiN  interlayers  [2]  is  a  promising  design  method  to  overcome 
these  problems  [3].  To  investigate  their  impact  on  the  structural  and 
optica]  properties  series  of  GaN/Si(lll)  samples  with  different 
interlayer  design  grown  by  metalorganic  chemical  vapor  phase  epitaxy 
(MOeVD)  were  investigated  using  micro- Raman  spectroscopy  and 
cathodoluminescence  microscopy  (CL).  Samples  with  identical  growth 
sequences  but  consecutively  increasing  deposition  time  of  the  final 
GaN  layer  enable  a  systematic  analysis  of  the  strain  evolution  step  by 
step,  The  Raman  spectra  in  the  vicinity  of  the  E2(high)  mode  are  a 
common  powerful  tool  for  probing  the  strain  distribution.  The  final 
growth  procedure  starts  with  isolated  GaN  islands  on  the  SiN,  which 
are  almost  stress  free.  With  increasing  coalescence  tensile  stress 
evolves  and  increases  with  GaN  layer  thickness.  The  micro- Ram  an 
results  are  in  perfect  agreement  with  the  CL.  Despite  the  observed 
tensile  .stress  of  the  thicker  GaN  layers  we  found  no  indication  for 
cracks.  Moreover  no  impurity  incorporation,  which  would  result  in 
high  local  carrier  concentration  are  found  in  the  Raman  spectra, 
(•hanging  the  sample  design  by  inserting  a  GaN/LT-AlN  prior  to  the 
<ieposition  of  the  SiN  interlayer  results  in  two  E2(higii)  peaks  in  the 
spectra:  one  originating  from  the  compressively  strained  template  and 
the  other  from  tensile  strained  final  the  GaN  layer.  I'lie  dependence  of 
flu*  GaN  domain  geometry  on  the  SiN  interlayer  thickness  is 
quantitatively  evaluated,  [l]  A.  Dadgar,  et  al.,  Jpn.  J.  Appl.  Phys. 

Part  2  an,  LI  IKa  (2000).  (2)  S.  Ilaffouz,  et  al.,  Appl.  I'hys.  l^-tt.  73, 
1278  [3]  A.  I)a<lgar,  el  al.,  Appl.  Phys,  Lett.  82,  28  (2003), 
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Tcniporntnre-dojfomlnnt  Surface  Potential  Microscopy-  an 
Approach  to  Determine  the  Thermal  Activation  Energy  of 
Dislocatiott-re!ate<l  Levels  in  GaN  Layers.  Andre  Krtsrhil. 

Armin  I)a<lgar  and  Alois  Krost;  Institute  of  Experimental  Physics, 

Ol  t o- von-( tuericke- 1 hiiversity  of  Magdeburg,  Magdeburg,  (•ormatiy. 

riirea<liug  <lislocations  in  epitaxial  GaN  layers,  their  properti<*s,  and 
their  impact  to  device  parameters  arc  subject  of  lrctnen<lous  research 
activities.  However,  there  is  still  a  lot  of  confusion  on  the  electrical 
properties  of  dislocations  and,  moreover,  on  the  position  of  related 
levels  vyithin  the  bandgap.  In  this  paper,  we  present  an  approach  to 
de  termine  the  thermal  activation  energy  of  such  dislocation-r<  latod 
levels  'rills  technique  bas*-s  on  common  .scanning  surface  potential 
fiu«*roMcopy  (SSPM)  analysis  nn*l  is  performe/|  for  difr<*r'*iU  .sampi** 
l••lup»•l•at iir»*s  be1w«*»*ii  room  teinpeniliire  an<l  330  K.  hi  priiK'ipIt-,  a 
s.  |**<*i<*d  region  of  tli*>  sampU*  is  scanned  at  different  lixe<l  temperatures 
aii<l  tile  potential  peak  in  SSPM  due  to  the  dislocation-related  charge 
is  studied.  A.ssumtng  a  simple  Arrhoniu.s-Iike  dependence  of  the  peak 
height  on  the  reciprocal  temperature,  the  thermal  activation  energy  of 
the  related  levels  corresponds  to  the  slope  of  the  fit  curve.  This 
method  was  applied  to  GaN  layers  which  are  grown  by  metal  organic 
vapor  phase  epitaxy  on  c-axis  oriented  sapphire  substrates  and  which 
are  diiroretiHy  doped,  i.e.  uiuloped,  Si-doped,  or  Mg-doped.  For 
screw-like  disloc.at  ions  in  Mg-doped  layers  we  detenu iiie<l  a  thermal 
aciivation  between  60  and  100  meV.  Despite  of  a  quite  linear  fit 
curve,  these  activation  energies  are  too  small  to  correlate  either  to  the 
dislocation-related  levels  itself,  which  should  be  located  deeper  within 
the  gap,  or  to  the  magnesium  acceptors  from  the  surrounding  regions. 
However,  extensive  studies  on  native  point  defects,  especially  on  the 
nitrogen  vacancy,  revealed  a  sirnilar  thermal  activation  energy.  This 
suggests  that  nitrogen  vacancies  are  accumulated  around  the  core 
charge  an«!l  dominate  the  temperature  behavior.  The  results  for 
undoped  mid  Si-doped  layers  as  well  as  the 

differences  compared  to  the  p-type  films  will  be  discussed  in  detail,  too. 


SESSION  YlO:  Poster  Session 
Thursday  Evening,  December  4,  2003 
8:00  PM 

Exhibition  Hall  D  (Hynes) 

YlO.l 

Silicon  Doping  of  High  Mole  FVaction  Al^Gai-jrN  (x>0.45) 


for  Ultraviolet  Ontoelectronic  Devices.  Mark  Johnson*, 
Yoganand  Snripnili  ,  X-Q  Liu',  A  f’ai®  and  ,1.F.  Muth®;  *Malcnn) 
S«Mcn**c  mid  KtigUM<«>niig,  N<‘ Stale  University,  Bal»*igh^  North 
(^’\rolill:l;  ®EIcctrical  ntid  (Vuupuler  Kiigimvring,  N(J  Slate  University, 
Baleigh,  North  t’aroliint 

Deep  UV-Iight  emitUrs  an<l  photodetoctors  l>a.scd  on  AL.Gai_..,.N 
wide-bandgap  semiconductors  have  attracted  much  atieiitioii  for 
applications  such  as  bio-optical  detection  and  ultraviolet  imaging  in 
the  2S0nm  -  280 nm  spectral  region.  Many  devices  propo.sed  for  these 
application  require  both  n-type  and  p-type  conductivity  of 
AlxGai..xN  with  compositions  exceeding  x=s0,45.  Approaches  to 
achieving  these  doping  levels  have  included  both  maximization  of  the 
Metal-Organic  Chemical  Vapor  Deposition  (MOCVD)  process-space 
and  development  of  unique  functional  heterostructures,  which  are 
used  in  optoelectronic  devices.  For  n-type  doping,  silicon  is  the  most 
prevalent  dopant  for  AL  Gai_xN.  However,  as  the  aluminum 
composition  increased  (x>0.45),  the  donor  ionization  energy  of  silicon 
increases  well  beyond  room  temperature  thermal  activation  energies 
(Ed  >  0.025  eV).  In  addition,  silicon  doping  can  influence  the 
epitaxial  AlxGai-.xN  growth  mode,  which  results  in  the  chang^'.s  of 
the  morphology  and  defect  profile.  Changes  in  growth  mode  affect  the 
maximum  carrier  density  due  to  the  increase  in  defect  level 
concentration,  such  as  deep  donor  levels.  In  addition,  high  aluminum 
concentration  induces  strain  in  epitaxially  deposited  films  which  may 
result  in  cracking.  As  a  result,  the  MOCVD  process  must  be  optimized 
to  maximize  doping  and  minimize  strain.  We  here  report  a  systematic 
study  of  the  silicon  doping  effects  in  high-mole  fraction  AI^Cai^xN, 
including  correlation  of  morphology  and  defect  density.  Atomic  force 
microscopy  (AFM)  an<l  electron  microscopy  results  will  be  presented 
and  correlated  to  silicon  doping  levels.  Cathodoluminscence  ((JL) 
measurements  were  performed  to  relate  the  intensity  of  the  deep-level 
luminescence  with  the  band-edge  intensity.  Typical 
capacitance- voltage  (C-V)  measurements  of  show  concentrations  in 
the  range  of  1x10**  cni~*  across  a  50  cm  diameter  ALGai-xN 
epitaxial  layer  with  A I  concentration  of  x=0.54.  Results  from  high 
mole  fraction  AL-Gai^^N  doping  experiments  and  UV  opto-eloctronic 
devices  base<l  on  these  <*pitaxial  layers  will  be  presented. 

Yl().2 

Modulation  N  Doping  of  AlGaN  for  Improved  Deei>  UV 
LEDs.  Jianpiug  Zhang,  IIongnu‘i  Wang,  Zheng  Gong,  Ming  Sii,  Sliuai 
Wu,  Vino<I  A<livarahan,  Maxim  Shatalov,  Asimy  Chitnis,  (.Uiangqing 
Chen,  Wenhong  Sun,  Jinwei  Yang,  Grigory  Simin  and  M.  Asif  Khan; 
EE,  Univ,  Sr:,  r’oliinibia,  South  Carolina. 

At  pres»-*ni  I  Ik*  key  p**rrormane<.  limiter  for  state-of-i  lie-art  de«*p 
ultraviolet  light-emitting  diodes  (IfV  LEDs)  is  the  relatively  poor 
material  quality  and  the  doping  efficiency  of  the  n-  and  I'-type 
AIGaN.  in  the  pa.st  w<*  have  utilized  AIN/AIGaN  superlattire  an<l 
pulsed  atomic  layer  epitaxy  (BALE)  grown  tillrahigh-quality  AIN 
buffers  to  improve  the  structural  quality  and  reduce  the  defects  in 
such  AIGaN  layers.  We  now  report  a  study  of  n-  and  p-type 
modulation  doping  of  high  Al-content  AIGaN  layers  for  deep  UV 
I/BDs.  Two  modulation  doping  .schemes  were  studied:  the  first,  a  delta 
(<l)  doping  where  monolayers  of  the  Si(Mg}  dopant  were  inserted  in 
the  bulk  AIGaN  layers.  aii<!  i)i^*  second,  where  modulation  dope<l 
(Si(Mg):AIN/AIGaN)tn  inuhiph*  layers  were  used.  'Fhe  Si-d-doping 
was  found  to  l»i-  very  «‘lfe.*tiv<*  in  reducing  the  etch  pits  (flireadiiig 
dislocations).  For  an  Al0.5Ga0.5N  layer  the  etch  pit  density  reduced 
to  108  cni-2  from  the  .starting  value  of  over  109  cm-2.  However,  the 
superlattice  modulation  doped  (Si:AIN/Al0.5Ga0.5N)m  layers 
exhibited  the  highest  Hall  mobility  and  structural  quality  eis  measured 
by  the  symmetric/asymmetric  scans  of  high-resolution  x-ray 
diffraction  (XRD).  At  a  doping  level  higher  than  1018  cm-3,  the 
(Si:AlN/A10.5Ca0.5N)m  layer  had  a  room-temperature  Hal!  mobility 
of  125  cm-2/v.s;  full  width  at  half  niaximutn  (FWIIM)  values  of  2.7 
and  5.8  arcniins  for  ih<*  XRD  (002)  and  (114)  rocking  curves, 
respectively.  Our  new  modulation-doping  scheme  also  results  in 
excellent  hole-conduction  in  p-type  AIGaN  layers  with  Al-content  up 
to  30%.  For  an  Al0,3Ga0.7N  layer  we  measured  a  room  temperature 
hole  concentration  of  l.lel7  cm-3  and  a  mobility  of  8  cm2/v.s.  We 
will  discuss  the  growth,  and  electrical  and  optical  characterization 
results.  Improvement  in  the  deep  UV  LED  performance  from  the  use 
of  modulation-doping  schemes  will  also  be  presented. 

Y10.3 

Deep  UV  st miniated  emission  by  electron- beam  pumping  of 
hulk  AIGaN  alloys.  A  Bh attach aryya^ ,  T  C  Chen* ,  J  Cabalu  ,  T  D 

Moustakas*,  J  R  Smith®,  Deepak  K  Sengupta®,  Randolph  E  Treece®, 

J  I  Pankove®  and  W  F  Hug®;  *  Electrical  Engineering,  Boston 
University,  Boston,  Massachusetts;  ®AstraIux  Incorporated,  Boulder, 
Colorado;  '  Photon  Systems,  Inc,  (Z^ovina,  California. 

In  the  development  of  electrically  pumped  deep  UV  emitters  based  on 
the  ni-Nilri<le  family,  the  stumbling  block  has  been  the  difficulty  in 
effectively  doping  p-type  AIGaN  alloys  with  relatively  high  AIN  mole 
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frriftitm.  All  iih<*rnHt iv»'  ii{»|»rc>u<'li  is  to  employ  nn  eIe<‘l.ron-lM*}vin  tis  an 
excitation  source.  Electron- beam  pumped  blue  lasers  based  on  InGaN 
MQWs  and  employing  cleaved  facets  to  form  an  in-plane  laser  cavity 
have  already  been  reported  in  the  literature.  In  this  paper  we 
investigate  single-pass  surface  mode  optical  emission  from  bulk 
AlGaN  alloys  and  AlGaN/AIN  MQWs  upon  e-beam  excitation  at 
room  and  low  temperatures.  AlGaN  bulk  films  with  AIN  mole  fraction 
varying  from  30%  to  90%,  and  AIN/ AlGaN  MQWs  have  been  grown 
by  plasma  a.s.sisted  Molecular  Beam  Epitaxy.  The  films  were 
characterised  by  X-llay  Diffraction  and  optical  absorption  .studios  to 
ascertain  the  alloy  composition  as  well  as  to  determine  the  presence  of 
long-range  atomic  ordering  in  these  materials.  Electron-beam 
excitation  studies  at  room  and  low  temperature  were  conducted  in  a 
JEOL  scanning  electron  microscope  system  fitted  with  an  Oxford 
Research  Cathodoluminescence  setup.  Our  results  indicate  that  the 
luminescence  for  AlGaN  alloys  with  a  high  AIN  mole  fraction  exhibit 
a  red-shlfl.  of  as  much  a.s  30  nm  compared  to  the  absorption  edge.  'I'lii.s 
may  be  partly  due  to  the  strong  long-range  atomic  ordering  exhibited 
in  these  materials  as  indicated  by  XRD  studies.  We  demonstrate 
e-beam  pumped  stimulated  emission  at  temperature  lOOK  from  bulk 
72%  AlGaN  alloy  centered  at  273nm  in  a  single-pass  surface  emission 
mode,  without  the  use  of  an  external  cavity.  Evidence  is  provided  by  a 
nonlinear  increase  of  the  luminescence  intensity  by  five  orders  of 
magnitude  for  an  increase  in  the  electron-beam  current  by  a  less  than 
three  orders  of  magnitude.  Correspondingly  a  narrowing  of  the 
luminescence  peak  from  16  to  4  nm  has  been  observed.  Our  evidence 
is  that  the  threshold  current  is  about  100  A /cm* 

YUK4  j 

Optically  Piiiiipoa  UV  AlInGaN  MQW  Laser  at  340  xuii. 

Yiping  He\  Yoon-Kyu  Song*,  A.  V.  Nurmikko\  Maria  Gherasimova* 
and  J.  Man*;  *  Division  of  Engineering,  Brown  University,  Providence, 
Rhode  Island;  ^Electrical  Engineering,  Yale  University,  New  Haven, 

<  ’oimecticut. 

Wo  liave  demonstrated  an  optically  pumped  room  temperature  pulsed 
laser  at  340  nm,  based  o>i  a  separate  confinement  AlInGaN  MQW 
hctero-structurc  design.  Tlie  photoluminescence  spectrum  on  the 
as-grown  wafer  material  showed  dominant  emission  near  340  nm,  with 
a  spectral  linewidth  of  approximately  15  nm.  Samples  were  fabricated 
for  edge  emi.ssion  by  dry  etching  parallel  end  facets  to  form  cavities  of 
varying  length  from  1-  2.5  nun.  Optically  pumped  lasing  was  achieved 
by  n.sing  a  pulsed  laser  at  3()H  nm  wavelength  at  threshohl  p<*ak  power 
of  approxitnately  300-500  kW/cm2,  about  a  factor  of  3-5  higher  than 
typically  achieved  in  InflaN  MQW  violet  optically  pumped  case. 

Apart  from  a  well-defined  threshold,  the  lasing  was  characterized  by 
narrowing  of  the  edge  emis.sioti  to  about  2  nm  with  well  defined  (sub 
0.1  nin  linewidth )  cavity  modes  present,  as  we  all  as  a  more  than 
100: 1  inton.sity  ratio  in  the  'PE/I'M  polarization.  These  results, 
coupled  with  amplified  spontaneous  emission  spectroscopy  on 
cavity-free  samples  provide  a  window  on  gain  characteristics  for  the 
AlInGaN  MQW  system  which  can  be  helpful  in  pursuing  a  diode  laser 
in  the  340  nm  and  shorter  wavelength  regime.  Research  supported  by 
DARPA  SUVOS  program  under  SPAWAR  Systems  Center  Contract 
No.  N66001-02-C%8017. 

YX0.5 

Emission  Mechanisms  in  UV  Emitting  GaN/AIN  Multiple 
Quantum  Well  Structures.  Madalina  Furis^.  Alexander  N. 
('artwright*.  Hong  Wu*  and  William  J,  SchafT*;  ‘Electrical 
Engineering,  University  of  Buffalo,  Buffalo,  New  York;  “Electrical 
.  Engineering,  Cornell  University,  Ithaca,  New  York. 

'riio  need  for  ofTieiont  UV  emitting  semiconductor  sources  has 
prompted  the  study  of  a  number  of  heterostructures  of  IH-N 
materials.  In  this  work,  the  temperature  dependence  of  the 
photolumine.sconce  (PL)  properties  of  UV-cmitting  CaN/AIN  multiple 
quantum  well  (MQW)  heterostructures  were  investigated  in  detail.  In 
all  .samples  studied,  the  structure  consisted  of  20  GaN  quantum  wells, 
with  well  widtljs  varying  between  7  and  15  Angstroms,  clad  by  Gnm 
AIN  barriers,  grown  on  top  of  a  thick  AIN  buffer  that  was  deposited 
on  sapphire  by  molecular  beam  epitaxy.  The  observed  energy 
corresponding  to  the  peak  of  the  emission  spectrum  is  in  agreement 
with  a  model  that  includes  the  strong  confinement  present  in  these 
structures  and  the  existence  of  the  large  built-in  piezoelectric  field 
and  spontaneous  polarization  present  inside  the  wells.  The  observed 
omission  varies  from  3.5  eV  (15  Angstrom  well)  to  4.4  eV  (7  Angstrom 
well).  Two  activation  energies  associated  with  the  photoluminescence 
<iuenching  are  extracted  from  the  temperature  dependence  of  the 
limo-intograted  PL  intensity.  I'hese  activation  energies  are  consistent 
with  <lonor  and  acceptor  binding  energies  and  the  PL  is  dominated  by 
recombinaf  ion  involving  carriers  localized  on  donor  and/or  acceptor 
sl  ates.  Moreover,  the  temperature  dependence  of  the  full  width  at 
half-maximum  (FWHM)  of  the  PL  feature  indicates  that 
inhomogeneous  broadening  dominates  the  spectrum  at  all 
temperatures.  For  the  15  and  13  Angstrom  wells,  we  estimate  that  the 
elect  roll- phonon  interaction  Is  responsible  for  less  than  30%  of  the 


broadening  at  room  if nipemture.  'I'his  broadening  is  iu‘gligil.>le  in  the 
9  Angstrom  wells  over  the  entire  temperature  range  studied. 
Moreover,  well  width  fluctuations  are  primarily  responsible  for  the 
inhomogeneous  broadening,  estimated  to  be  of  the  order  of  250meV 
for  half- a- mono  layer  fluctuation  in  well  width. 

Y10.6 

High-brightness  vertical-structure  InGaN  light-emitting 
diodes  with  reflective  p-contacts  fabricated  on  An  substrates. 
Ho  Won  Jang  and  .long- Lam  Lee;  Dept.  Materials  Science  and 
Engineering,  POS'I'IOCII,  Pohang,  Gyungbuk,  South  Korea. 

There  has  been  tremendous  interest  in  developing  GaN-based 
light-emitting  diodes  (LEDs)  for  solid-state  lighting.  GaN-based  white 
LEDs  could  replace  conventional  liglit  bulbs.  These  GaN  devices  are 
commonly  fabrlfatf<|  ori  sappliirf  siibstrates.  For  tljf  tlfvlo-s  on 
sapphire  substraU-s,  all  contacts  must  be  made  from  the  top  si<le, 
resulting  in  high  spreading  resistance  and  increased  operating 
voltages.  Furthermore,  the  poor  thermal  conductivity  of  sapphire 
prevents  efficient  heat  dissipation,  inhibiting  device  performance. 
Laser  lift-off  (LLO)  techniques  have  been  demonstrated  to  transfer 
GaN  thin  films  from  sapphire  onto  conducting  substrates.  But  GaN 
films  separated  by  LLO  commonly  suffer  thermal  and/or  mechanical 
cracking.  Thus  the  area  of  successfully  separated  GaN  is  typically 
below  1  cm“.  Here  we  present  an  innovative  process  by  which  GaN 
thin  films  can  be  easily  transferred  from  original  sapphire  substrates 
onto  Au  substrates  without  cracking,  resulting  in  high-brightness 
iiltra-ihin  vcrl  iral-.sinif  I  tire  (UTVS)  InGaN  LED.s.  U'l'VS  LEDs  have 
many  acivaiil.ages  over  conventional  lateral-structure  (LS)  LEDs  sttch 
as  a  large  emitting  area,  no  light  absorption  from  semitransparent 
p-contacts,  uniform  current  spreading,  a  short  path  of  light 
propagation,  and  a  low  thermal  resistance.  The  forward  voltage  of  300 
/im  UTVS  LEDs  is  's/S.l  V  at  20  mA,  With  backside  p-contact  of 
high  reflection  (>  90  %),  the  light  extraction  efficiency  (^80  %)  is 
times  higher  compared  to  conventional  LS  LEDs.  I’hermal  resistance 
is  evaluated  to  be  1.8  W/K  for  the  UTVS  LEDs  and  40.2  W/K  for  the 
LS  LEDs.  We  expect  that  the  U7'VS  LEDs  could  enable  the 
production  of  higli-power  white  LEDs  replacing  conventional  light 
sources.  Fabrication  prqcess  flow,  high  reflective  p-contacts,  and 
device  performance  of  the  UTVS  LEDs  will  be  discussed. 

Y10.7 

Eieotr<»IuiiiiiioMceit<!<i  MtiKly  of  InGnN/GaN  green  LEDs  with 
qiiantiiiii  dot  active  layers,  .lhang  Woo  Leo,  Jac  Ho  Song  and 
Young  Gu  Kirn;  Information  and  Communications,  K-JIST,  Gwangju, 
South  Korea. 

We  investigated  the  injection  and  recombination  characteristics  of 
InCjaN/GaN  LEDs  by  using  tlie  electroluminescence  (EL) 
measurements  in  the  temperature  range  of  10-300K. 
Photoluminescence  (PL)  spectra  were  also  obtained  for  the 
comparison.  The  selected  LEDs  have  InGaN/GaN  quantum  well  or 
dot  structured  active  layers  emitting  green  light.  The  EL  spectra 
obtained  with  a  low  injection  condition  (<lmA)  exhibit  the 
unexpectedly  large  energy  shift  as  much  as  O.lfieV  from  2.5eV  at  lOK 
to  2.34eV  at  3t)0K.  The  160meV  BL  shift  is  much  larger  than  the  PL 
energy  shift,  which  is  only  50meV  from  2.41  to  2.36eV.  More 
surprisingly,  the  EL  peaks  shift  abruptly  at  120K  from  2,36  to  2.5eV, 
while  the  PL  peaks  shift  gradually  over  the  temperature  range.  This 
re.sult  indicates  that  there  exist  two  localized  energy  states  between 
which  a  sudden  carrier  transfer  arises  at  120K.  We  believe  that  the 
quantum  dot  active  layer  provides  such  dual  energy  states.  The  EL 
.spectrum  line  width  incrca.ses  also  abruptly  at  120K  to  the  maximum 
of  (1.19eV  from  the  0.11-().12eV  elsewhere,  but  the  PL  line  width 
rather  decreases  at  the  temperature  to  the  minimum  of  0.13eV  from 
0. 1.5-0. 17eV  elsewhere.  'Phe  EL  spectra  clearly  show  that  around  120K 
injected  carriers  are  evenly  distributed  to  the  two  localized  energy 
states.  The  EL  data  were  compared  with  the  other  EL  data  obtained 
from  the  InGaN/GaN  quantum  well  LED.  It  is  clear  that  the 
quantum  dot  LED  is  more  eflective  to  confine  the  injected  carriers  duo 
to  the  multiple  energy  states.  We  estimated  the  radiative  efficiencies 
using  the  PL  lifetime  data.  Combining  these  data  with  the  EL 
spectrum  data,  we  will  calculate  the  injection  efficiencies  at  various 
bias  conditions  and  attempt  to  propose  the  optimum  quantum  dot 
active  layer  structure  yielding  a  high  efficient  emission. 

Y10.8 

Overcoming  the  Far  UV  Cutoff  in  GaN  Detectors  for  Visible 
Blind  Imafpng.  Robert  A  Beach,  Shouleh  Nikzad  and  Eric  Jones; 

Jet  Propulsion  Lab,  Pasadena,  California. 

Ultra  thin  optical  windows  were  explored  for  improving  the  band 
width  of  back-illuminated  GaN  based  UV  detectors.  Wide  bandgap 
semiconductors,  such  as  GaN  and  AlGaN,  can  potentially  have  high 
UV  sensitivity  comparable  to  modified  Si  photodiodes  with  the  visible 
rejection  ratio  of  solar-blind  detectors,  such  as  photocat hode/micro 
channel  plate  combination  imagens.  A  major  limitation  of  current 
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AI<inN/(!nN  PIN  dot.orJors  t»  their  high  energy  cntofF  due  to 
uhnorptioM  tn  th«‘  ji-AKJnN  optienl  witwlow.  Wr  mv*  d«*vr)<>|»it)g  high 
efficiency  detectors  opcrnting  from  GaN  band  gap  out  to  deep  UV' 
(365-250nm)  by  using  alternatives  to  thick  AIGaN  optical  windows. 
Diodes  witli  >30%  external  QE  were  fabricated  and  characterized 
that  showed  moderate  decrease  in  efficiency  out  to  250nm.  The  effects 
of  buffer  layer  and  n  layer  thickness  on  device  performance  are 
discussed,  and  a  method  for  extending  detector  performance  to  higher 
energies  is  presented. 

YIO.O 

Poraisteiit  photocnrront  in  GaN  Scliottky  ultraviolet 
detectors.  Oded  Katz.  Gad  Dahir  and  Joseph  Salzinan;  Electrical 
Eng.,  Technion,  Haifa,  Israel. 

GaN  based  Schottky  detectors  provide  high  response  and  low  noise  at 
UV  wavelengths.  Although  typical  photovoltaic  detectors  should 
ideally  not  exhibit  gain,  the  presence  of  gain  has  been  reported  in  by 
many  researchers  (& #8206;  1-3],  and  a  model  for  it  was  recently 
proposed  (4&9jf8206;],  by  which  gain  originates  from  repopulation  of 
interface  traps,  and  the  consequent  recovery  of  the  Schottky  barrier. 
The  saturation  of  the  responsivity  at  high  optical  power  [&#8206;2-3], 
and  the  persistent  photoconductivity  (PPG),  widely  reported  for  GaN 
based  optoelectronic  devices  (&#8206;5],  are  two  related  effects 
arising  from  a  non-ideal  semiconductor  crystal.  The  transit  rise  and 
decay  currents  associated  with  PPG  show  non-exponential  time 
dependencies.  Although,  it  is  commonly  acceptable  that  PPG  is 
related  to  defect  states  or  traps,  no  accurate  physical  model  has  been 
proposed  to  explain  this  temporal  behavior.  We  have  implemented 
GaN  based  Schottky  detectors  and  mestsured  their  photoresponse  as  a 
function  of  the  incident  power,  and  time.  The  measured 
photoresponse  show  gain  saturation  and  PPG  behavior  as  depicted 
above.  We  present  a  microscopic  model  of  the  gain  mechanism  to 
explain  these  observation.s.  Further,  we  extract  physical  properties, 
such  a.s  trap  density  at  the  semiconductor-metal  interface  and  their 
trapping  lifetime,  from  our  measurements.  Finally,  we  connect  the 
fitting  parameters  of  the  stretch-exponential,  to  the  device  physical 
properties,  1.  O.  Katz,  V.  Garber,  B.  Meyler,  G.  Bahir,  and  J, 
Salztnan,  Appl.  Phys.  l^tt.  80  (3),  347  (2002)  2.  E.  Monroy,  F.  Calle, 
E.  Munoz,  and  F.  Omnes,  Appl.  Phys.  I^tt.  74  (22),  3401  (1999)  3.  D. 
Walker,  E.  Monroy,  P.  Kung,  J.  Wu,  M.  Hamilton,  F.J.  Sanchez,  J. 
Diaz  and  M.  Razoghi,  Appl.  Phys.  liCtt.  74  (.*>),  762  (1999)  4.  O.  Katz  , 
V.  Garl>»*r,  B.  MovUt,  G.  B.nhir,  and  J.  Salzrimn,  Appl.  Pliy.s.  l/»*tt.,  7U 
(10),  1417  (2001)  5.  .!,(!.  (’nrrano, 'r.  lu,  P.A.  (Irudowski,  (^.1.  Kiting, 
It.D.  Dupuis,  and  .I.fJ.  (;ami>bell,  J,  Appl.  Phys.  83  (11),  6148  (1998) 

YIO.IO 

Design  tiiifl  fiihrirntiofi  «>f  GnN-l>a,*<ir>d  liglit-oiiiitiing  <lio4les 
with  eiiliaiicml  latei-iil  light  oxtriiciuMi.  Ilynnsoo  Kim, 

C.tho,  I  lye  Jeong  Oh,  Jeong  Wook  Lee,  Suklio  Yoon,  Gheolsoo  Sone 
and  Yongjo  Park;  Samsung  Advanced  Institute  of  Technology,  Yongin, 
Gyeonggi-do,  South  Korea. 

We  have  designed  and  fabricated  GaN-based  light-emitting  diodes 
(LEDs)  with  enhanced  light  extraction  efficiency.  For  the  efficient 
light  extraction  from  the  LED  chip,  it  is  more  desirable  to  extract  the 
traveling  light  toward  lateral  direction  since  the  light  of  the  lateral 
porlion  is  much  more  than  that  of  the  vertical  portion  by  about  3 
times.  In  this  regard,  we  designed  LED  chip  with  a  number  of  holes 
acting  as  lateral  exits  for  light  extraction.  These  holes  were  fabricated 
from  fine  patterning  by  conventional  photolithographic  technique  and 
selective  dry  etching.  It  was  interesting  to  note  that  the  mesa  etching 
depth  played  an  import  ant  role  in  changing  the  extraction  efficiency. 

T  his  could  be  explained  by  relationships  between  the  critical  angle 
(law  of  Snell)  and  lateral  device  geometry.  Based  on  the  optimized 
design,  the  LED  chip  showed  the  improved  light  output  efficienev  bv 
23%,  '  ' 

YlO.ll 

n.r<lnctioik  of  dark  current  in  AlGnN/GaN  Schottky  b*u*ricr 
photodcicctors  with  a  low-tcinperaturogyown  GaN  cap  layer. 
Gou-</hung  Chi* .  Jinn-Kong  Sheu\  Min-Lumn  Lee^,  Yan-Kuin  Su“, 

Shou-Jinn  Chang^,  Wei-Chi  Lai^  and  Wen-Jen  Lin®;  *  Department  of 
Physics,  National  Central  Ihiiversity,  Chung-Li,  Taiwan;  ^Institute  of 
Microelectronics  and  Department  of  Electrical  Engineering,  National 
Cheng  Kubg  l^niversity,  Tainan;  ''Materials  fc  Electro- Optics 
He.search  Division.  CHUNG-SIIAN  INSTITUTE  OF  SCIENCE  &: 
TECHNOLOGY,  T/ung-l'an,  'I'ao-Yuan. 

AlxGal-xN  is  one  of  the  most  promising  materials  for  the  fabrication 
of  high-sensitive  visible- blind  ultraviolet  (UV)  detectors,  since  it  has  a 
large  direct  bandgap  energy  (3.41<^6.2eV  at  room  temperature).  In 
the  past  few  years,  AIGaN-based  UV  photodetectors(PDs)  with  high 
performance  have  been  demonstrated  using  different  device  types, 
such  as  p-i-n  PDs,  Schottky  barrier  PDs  and 

metal-semiconductor-metal  (MSM)  photodetectors.  Compared  with 
bipolar  PDs,  the  fabrication  process  of  Schottky  barrier  PDs  is  much 


easier.  'Tho  response  s|)»*ed  of  Scliottky  barrier  PDs  is  also  faster. 
Howev<*r,  h  nkng*-  -'nrp  nl  in  Sriniitky  barrier  PDs  is  als<»  liiglu-r  dm*  to 
the  large  thermionic  emission  current  in  Schottky  barrier  PI)s,  as 
compared  to  the  diffusion  current  in  bipoloar  junction  PDs  for  a  given 
applied  voltage.  To  reduce  the  leakage  current  in  Schottky  barrier 
PDs,  we  deposited  an  low- temperature-grown  GaN(  LT  GaN)  layer, 
which  has  ultra-high  resisl.ivity(>  109  n?/cm2?),  on  top  of  undoped 
AIGaN  layer  to  fabricate  a  AlGaN/GaN  Schottky  barrier  PDs  with 
low  dark  current.  In  other  words,  we  have  prepared 
GaN/i-A10.27Ga0.7.3N/I/r  GaN/Ni/Aii  (sample  A)  nnd 
GaN/i-Al0.27Ga0.7,3N/Ni/AM  (sample  B)  Schottky  barri*'r  ullraviolei 
(UV)  photodiodes  (I’Ds).  (hirreni-voltagc  inoasurementH  of  th/* 
sample  A  showed  a  dark  current  as  low  as  20  pA  at  a  reverse  bias  of 
5V.  It  was  found  that  we  could  significantly  reduce  leakage  current 
and  achieve  a  much  larger  photocurrent  to  dark  current  contrast  ratio 
by  introducing  a  IT  GaN  on  top  of  the  conventional  niiri<le.ha.se<l  UV 
PDs,  With  incident  light  wavelength  of  320  nm  and  a  reverse  bias  of 
IV,  it  was  found  that  the  meaisured  responsivity  was  around  0.03 
A/W  and  0.015  A/W  for  sample  A  and  sample  B,  respectively. 
Furthermore,  it  was  found  that  the  spectral  responsivities  in  sample  B 
showed  a  significant  bias-dependent  behavior,  which  might  be  due  to 
the  surface  states.  More  optical  and  electrical  properties  of  the 
fabricated  PDs  will  be  reported. 

Y10.12 

Proposal  to  Use  GaAs(114)  Substrates  for  Improvement  of 
the  Optical  Transition  Probability  in  Nitride  Semiconductor 
Quantum  Wells.  Mitsuru  Funato.  Yoshinobu  Kawaguchi  and  Shigeo 
Fujita;  Electronic  Science  and  Engineering,  Kyoto  University,  Kyoto, 
Japan. 

This  paper  demon.strates  that  the  optica]  transition  probability  in 
nitride  quantum  wells  can  be  drastically  improved  by  the  u.se  of 
GaAs(li4)  substrates.  The  practically  applied  light  emitting  diodes 
and  laser  diodes  are  basically  c-oriented  strained  quantum  wells 
(QWs),  and  therefore,  they  experience  a  strong  electric  field  due  to 
the  piezo  polarizat  ion.  Since  the  piezo  electric  field  distiiHxs  carrier 
recombination  and,  as  a  consequence,  reduce.s  the  optical  trian.sition 
probability,  it  is  important  to  reduce  the  piezo  electric  field  to  achieve 
a  higher  emission  efficiency.  In  order  to  find  a  way  to  do  so,  we 
calculated  the  variations  of  the  piezo  electric  field  and  the  transition 
probability  as  a  function  of  the  tilt  of  the  c-axi.s.  The  calculation  wa.s 
f.HHeiilially  tfir  sann-  as  Jpn.  J.  Appl.  Phys.  39,  p.4l3  (2009),  but  In  n* 
the  spontaiieoiis  polarization  was  also  taken  into  account.  'I’lie 
InGaN/GaN  single  QW  was  cho.sen  as  a  model  structim*  because 
InGaN/GaN  QWs  are  the  basic  device  structure.  In  the  calculation,  it 
was  assume^!  that  GaN  thickness  was  infinite,  that  GaN  was  perfectly 
r*’laxed,  and  that  a  .'t-nm-l  hi.-k  ln<«:iN  well  was  grown  coInTently.  'riw 
t'atciitaiion  .showed  that  flie  eleciric  field  wu.s  inaxiiuitin  in  c-oru*nl<'d 
QWs,  while  that  was  I)  MV/cni  when  the  lilt  of  the  c-axis  was  about 
40  or  90  degrees.  Consequently,  the  optical  transition  probability  was 
maximum  at  a  tilt  of  about  40  and  90  degrees  and  minimum  at  0 
degree  (c-oriented  QW).  This  tendency  was  almost  independent  of  the 
In  composition.  It  is,  thus,  concluded  that  optical  devices  with  a 
c-axis  tilted  by  40  or  90  degrees  can  promisingly  show  an  improved 
device  performance.  So  far,  we  have  investigated  the  MOVPE  growth 
of  GaN  on  GaAs(lln)  substrates  (n  =  1,  2,  3,  4,  8),  and  found  that 
the  superior  structural  and  optical  quality  was  obtained  on  the  (114) 
substrate  (APL79,  p.4133  (2001)).  Much  more  interestingly,  the  c-axis 
of  GaN  grown  on  GaAs(114)  is  tilted  by  30  degrees.  This  tilt  angle  is 
not  equal  to  40  degrees,  at  which  the  electric  field  is  OMV/cm  as 
described  above,  though  is  expected  to  realize  weak  electric  field, 
compared  with  a  tilt  of  0  degree.  As  a  matter  of  fact,  our  calculation 
for  3-nm-thick  InGaN/GaN  QWs  with  an  In  composition  of  20% 
showed  that  the  electric  field  in  the  c-oriented  QW  was  2.6MV/cin, 
while  that  in  the  QW  grown  on  GaAs(n4)  was  0.6MV/cm,  which  led 
to  a  15  times  larger  optical  transition  probability  in  the  QW  on 
GaAs(114).  This  characteristic  may  also  allow  us  to  expand  the 
emis.sion  wavelength  range  by  increasing  the  In  composition  in  InGaN 
wells  on  GaAs(1  14)  vvithc>nt  .serious  degradation  of  the  Iransition 
probability,  which  is  often  observed  in  the  conventional  c-oriented 
QWs. 

Y10.13 

Manipulation  of  Spontaneous  Polarization  Fields  in 
lII-Nitrides.  Andreas  Buchholz,  Sandra  Lahmann,  Uwe  Rossow  and 
Andreas  Hangleiter;  Institute  of  Technical  Physics,  Technical 
University  of  Braunschweig,  Braunschweig,  Germany. 

Group-III-nitride  semiconductors  are  being  intensively  studied  for 
applications  in  light  omitting  devices  as  well  as  in  high- power 
high-frequency  electronic  devices.  Recently,  it  has  been  recognized 
that  the  latter  requires  precise  control  over  surface  and  interface 
charges,  which  are  intimately  related  to  the  strong  piezoelectric  and 
spontaneous  polarization  fields  present  in  the  wurtzite  nitrides.  We 
have  studied  nitride  heterostructures  and  their  surfaces  using  electron 
stimulated  desorption  in  an  UHV  environment.  Our  samples  were 
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as-grown  OalnN/GaN  and  GaN/AIGaN  single  and  mulf  ipio  qiiant.uin 
well  structures  grown  by  low-pressure  MOVPE  in  a  horizontal  reactor 
(AIX  200RF).  Utilizing  the  quantum  well  luminescence  excited  by  the 
electron  beam  as  a  probe  inside  the  sample,  we  are  able  to  derive  the 
internal  electric  field  both  locally  and  globally  from  the  emission  peak 
energy  and  the  Fabry-Perot  (FP)  fringes,  respectively.  We  observe 
dramatic  metastable  changes  of  the  emission  intensity  upon  electron 
irradiation.  From  the  change  in  refractive  index  derived  from  FP 
fringe's  and  th**  lin*'nr  ^'h-^Uro-optir  ro»»fnci<*ni  wo  aro  abb*  t»>ii»Tivo  tho 
♦•loiM.rio  riobl  <|o..j,|y  iiiHido  I  ho  saiiiplo,  rraHiing  vahio.t  in  ox.-o.hn  of.'i 
MV/cin,  consistent,  with  theoretical  predictions  for  the  .spontaneous 
polarization  field.  Our  observations  suggest  that  screening  of 
spontaneous  polarization  is  based  on  charged  species  at  the  surface 
which  be  removed  by  electron  stimulated  desorption. 

Y10.14 

Abstrnrt  Wttliclrawii 
YIO.15 

Ciirrcntr  Volt  ago  aiid  Roverso  Recovery  Characteristics  of 
Bulk  GaN  p-i-n  Rectifiers.  Yoshihiro  Irokawa*.  B.  Luo^,  Jihyun 
Kim^,  J.  R.  LaRoche*,  F.  Ren*.  K.  H.  Baik®,  S.  J.  Pearton®,  C.  -C. 
Pan"*,  G.  -T.  Chen"*,  J.  -I.  Chyi’,  S.  S.  Park®  and  Y.  J.  Park®; 

Toyota  Central  Research  and  Development  Laboratories,  Inc., 
Nagakute,  Japan;  ^Department  of  Chemical  Engineering,  University 
of  Florida,  Gainesville,  Florida;  ® Department  of  Materials  Science  and 
Engineering,  University  of  Florida,  Gainesville,  Florida;  “^Department 
of  Electrical  Engineering,  National  Central  University,  Chung- Li, 
Taiwan;  ®Samsung  Advanced  Institute  of  Technology,  Suwon,  South 
Korea. 

There  is  a  strong  interest  in  the  development  of  wide  bandgap 
soinironductor  power  rectifiers  for  use  in  inverter  units  in  hybrid 
electric  vehicles  or  power  utility  switching.  P-i-n  rectifiers  are 
expected  to  have  larger  reverse  blocking  voltages  than  Schottky 
reciifb'rs,  but  inferior  switching  speed.s  due  to  .stored  charge  and 
liigh*‘r  forward  turn-on  voltiig«*.s.  Ilowever,  for  very  high  l)h>rking 
v«>ltag<*  (>  ;i  kV)  or  forwar<l  current  densities  (>  101)  A  <•111“*),  thf* 
|>-i-n  rectifier  is  expected  to  have  the  advantage  because  of  the 
prohibitive  leakage  and  resistance  of  the  drift  region  in  a  Schottky 
diode.  All  of  the  (7aN  p-i-n  rectifiers  reported  to  date  have  been 
heteroepitaxial  devices,  with  the  active  layers  grown  on  AI2O3 
substrates.  In  this  study,  p-i-n  rectifiers  were  fabricated  on  epitaxial 
layers  grown  on  free-standing  GaN  substrates,  and  the  current- voltage 
(l-V)  and  reverse  recovery  switching  characteristics  of  bulk  GaN  p-i-n 
rectifiers  were  performed.  The  forward  turn-on  voltage,  Vf  was  ^^5  V 
at  300  K  and  displayed  a  positive  temperature  coefficient.  The  specific 
on-state  resistance  (Ron)  was  ^5  mn-cm2  at  300  K,  with  an  ideality 
factor  of  ov2  and  activation  energy  for  low  forward  current  density  of 
'N.l.O  eV.  This  is  consistent  with  carrier  recombination  in  the  space 
charge  region  via  a  mid-gap  deep  level.  The  figure-of- merit, 

Yb  /Ron>  where  Va  is  the  reverse  breakdown  voltage,  was  0.32 
MW  cm“*.  The  reverse  recovery  time  was  600  ns  at  300  K.  The 
improved  forward  rharariori.stirs  relative  to  previous  het«*roc*|>ltaxial 
p-i-n  GaN  rectifiers  show  the  advantages  of  employing  a  <IaN 
substrate  to  make  a  true  vertical  transport  geometry  device.  These 
devices  appear  very  promising  for  high  power  switching  application. 

YIO.IO 

GaN/AIGaN  HEMTs  Grown  by  Hydride  Vapor  Phase 
Epitaxy  on  AlN/SiC  Substrates.  J  R  LaRoche^,  B  Luo^  F  Ren‘, 

K  11  Raik  ,  D  Stodilka*,  B  Gila*,  C  R  Abernathy*,  Stephen  .1 
IVartoii  ,  S'wri  Melnik®,  Alexej  IVchnikov® ,  Vitali  A  Soukhov<*fv® , 
Vladimir  A  Dmitriev®.  <;  C  Pan**,  G  T  Chen**  and  J  I  Chyi'*; 
'Department  of  Chemical  Engineering,  University  of  Florida, 

Gniiu  Hville,  |'|ori<la;  “’l)<‘partment  of  Materials  .ScioiKV*  and 
Engineering,  Universily  of  l-’lorida,  Gainesville,  Florida;  ®'I’D1,  liic. 
Silver  Spring,  Maryland;  ‘‘Dept,  of  Electrical  Engineering,  National 
Ontral  llniversity,  Chung-Li.  Taiwan. 

<5aN/AIGaN  High  Electron  Mobility  'IVansistors  (HEM!  ’s)  were 
fabricated  on  layer  structures  grown  by  metal  organic  chemical  vapor 
deposition  (MOCVD)  on  AIN-on-SiC  templates.  The  templates  were 
fabricated  by  growing  thick  (from  20  to  50  microns)  AIN  layers  by 
hydride  vapor  phase  epitaxy  on  6H-SiC  substrates.  The  presence  of 
the  AIN  provides  an  insulating  buffer  for  effective  inter-device 
isolation ,  producing  isolation  currents  in  the  10-9  A  range.  These 
initial  HEMTs  exhibit,  saturated  drain  source  current  of  >  400 
mA/mm  with  maximum  tran.sconductancc  of  >  70  mS/mm.  The 
devices  show  lower  degrees  of  current  collapse  relative  to  more 
conventional  HEMTs  fabricated  on  sapphire  substrates,  suggesting 
that  the  lower  defect  density  is  beneficial  in  reducing  surface  state 
trap  concentration.  This  approach  has  great  potential  for  reducing  the 
co.st  of  high  quality  HEM'P  structures. 

Y10.17 

Electronic  Properties  of  a  Two-Dimensional  InN  Substitution 


Layer  Embedded  in  GaN.  Bachir  Bouhafs'.  Abdelaziz  Lakdja*  and 
Pierre  Ruterana*;  'Department  of  Physics,  University  of  Sidi  Bel 
Abbes,  Sidi  Bel  Abbes,  Algeria;  *LERMAT,  FRE  2149  CNRS, 
ENSICARN,  Cnon,  l-Vancc. 

InN/GaN  (OOl)-superlattices  with  one  isovalent  atomic  substitution 
layer  can  be  regarded  as  perfectly  InGaN  ordered  alloys.  Owing  to 
their  efficient  optical  excit.onic  transitions,  the  extreme  case  of  atomic 
.Hiibstitiitioii  hiy«'i‘H  in  tin-  nf’tiv**  ri-gioii  is  to  piny  n  .♦riifinl 

ri»l«‘  for  t|i<*  n«*xt  g*‘ii*'rittii>n  itplicitl  d«*vit‘<*.s.  In  this  piip»*r,  w«-  show 
how  the  modificatiott  of  the  optical  properties  of  InN/GaN  depends 
on  the  chemical  and  size  effects  associated  with  the  embedded  InN 
siib.stitution  layer.  U.sing  a  first-principles  method,  wo  invc.stigate  the 
electronic  and  optical  properties  of  a  two-dimensional  InN 
substitution  layer  embedded  in  GaN.  The  present  calculations  are 
ba.sed  on  ’state-of-tho-ari’  DFT-LDA  u.sing  the  .self-con.sistont  full 
potential  linear  niiginented  plane  w.avo  method  within  the 
local-density  functional  approximation.  The  InGaN  alloy  is  known  as 
an  ’anomalous'  alloy  because  large  composition-dependent  bowing 
coefficients  and  new  defect  levels  appearing  in  the  batul  gap  of  GaN 
have  been  observed  experimentally.  We  will  show  theoretically  that 
InN/GaN  shows  some  band  structure  anomalies  in  the  lower 
conduction  band  region. 

Y10.18 

Substrate  effect  on  aging  for  AlGaN/GaN  HFET  epiwafers 
grown  by  MOCVD.  Ronald  Birkhahn.  David  W  Gotthold,  Shiping 
Guo,  Brian  Albert,  Doru  Florescu,  Dong  Lu  and  Boris  Peres; 
Corporate  R&D,  Emcore,  Somerset,  New  Jersey. 

AlGaN/GaN  heterostructure  field  effect  transistors  (HFETs)  are 
envisioned  for  use  in  a  range  of  high  power,  high  frequency  amplifier 
applications.  Concurrent  to  improvements  in  the  materials  properties 
and  device  designs  for  these  AIGaN  HFETs,  reliability  of  the  packaged 
amplifiers  is  being  investigated  to  establish  the  long-term  viability  of 
the.se  matf'rial.s.  in  or^'lor  to  incroa.se  the  piezoelectric  doping  for 
givator  ,spe<“rl  and  higln'r  poWf*r  operation,  p'senrcluTs  cont  inually 
push  the  liinit.s  of  this  materials  sy.stcm  to  achieve  smooiluT 
interfaces,  higher  Al  compositions,  and  thicker  barriers.  Until  recently, 
all  the  reliability  re.search  has  been  on  devices,  but  recent  work  at 
Emcore  has  revealed  significant  long  term  aging  effects  that  occur  in 
the  AIGaN  epitaxial  material,  without  any  device  processing.  Over  a 
time  period  ranging  from  days  to  months,  the  sheet  resistance  of  the 
as-grown  wafers  slowly  increases  from  <  4000/  to  as  high  as  50000/. 

It  is  clear  that  the  overall  AIGaN  strain,  as  determined  by  AI  content 
and  barrier  thickness,  is  the  primary  factor  in  determining  epitaxial 
material  lifetime,  however  many  other  parameters  (i.e.  capping  layers, 
substrate  polish,  substrate  quality)  appear  to  have  an  effect  on  the 
degradation  rate.  We  have  previously  studied  and  determined  stable 
HFET  structures  on  SiC  fall  within  AlxGai-*N  barriers  of  x  ^  0.3 
and  thickness  <  23  nm.  In  this  presentation,  we  will  compare  the 
stability  of  the  AIGaN  HFETs  grown  on  SiC  to  comparable  structures 
on  sapphire  and  Si  subst.rate.s.  While  the  long-term  .stability  of  this 
material  i.s  still  in  question,  Initial  results  show  le.s.s  aging  on  sapphire 
and  Si.  After  a  perio<l  of  >90  days,  the  AIGaN  Hl*'E'rs  on  sapphire 
have  not  aged  while  those  on  SiC  have  completely  failed. 

YIO.IO 

X-ray  Diffraction  Analysis  of  Threading- Dislocation  Density 
in  GaN-Based  HEMTs.  Allen  West'**.  Stephen  Lee',  Andrew 
Allerman',  Karen  Waldrip',  David  Follstaedt'  and  Cammy 
Abernathy*;  'Sandia  National  Laboratories,  Albuquerque,  New 
Mexico;  ‘’Materials  .Science  and  Engineering,  University  of  Florida, 
Gainesville,  Florida. 

Tin-  <leviee  perf<>rmaue*«  of  <  IaN-l>a.se<l  HEMTs  is  limited  by  tin*  high 
dislocation  den.sity  a.s.sociatcd  with  GaN  films  grown  lieteroepitaxially 
on  SiC.  Threading  dislocations  in  the  GaN  limit  mobility  by 
scattering  electrons  in  the  HEMT  conductive  channel.  In  this  study, 
we  develop  improved  x-ray  diffraction  (XRD)  methods  for  measuring 
the  threading-dislocation  density  in  GaN;  we  then  apply  these 
methods  to  the  analysis  of  GaN- based  HEMTs.  The  XRD  analysis 
measures  the  characteristic  width  for  a  series  of  GaN  Bragg  peaks. 
Symmetric  (0002),  (0004),  and  (0006)  reflections,  as  well  as 
asymmetric  (10-11)  and  (20-22)  reflections  are  used.  The  tilt  variance, 
the  twist  variance,  and  the  lateral  coherence  length  of  the  GaN 
epilayer  are  extracted  from  the  measured  peak  widths  using  a 
reciprocal- space  model  that  de.scribes  the  (hkl)  dependence  of  the 
convolved  peak-width  contributions.  Threading-dislocation  densities 
are  then  e.stimated  from  the  XRD  measurements  of  tilt,  twist,  and 
coherence  length  u.sing  two  separate  methods.  The  first  method 
proceeds  using  the  tilt  and  twist  variances  and  the  classic  formulation 
of  Dunn  and  Koch.  The  second  method  proceeds  by  assuming  that  the 
measured  coherence  length  equals  the  rms  spacing  of  randomly 
arranged  threads.  For  .selected  samples,  the  threading-dislocation 
density  determined  by  XRD  is  benchmarked  against  transmission 
electron  microscopy;  good  agreement  is  found.  The  validated  XRD 
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tH  io  lufiufiiro  111**  lliremlitiK-diNiornlitHi  lim.Hity  in  ini 
<lillVr«*nt  JIKM'r  hf'!crojit.nnMur«*?i,  wliirh  Imvo  rooin-t.iMHpi'rfxtnrf 
in<)l>ililio«  rniiKinn  rrom  327  nii'2/V-«  to  183(1  ciirj/V-.s,  <  !(>rn  Uit.ioti  of 
the  dislocation-density  measurements  with  the  HEMT-mobility  data 
clearly  shows  that  the  mobility  decreases  with  increasing  dislocation 
density.  We  find  that  room  temperature  mobilities  >1800  cm2/V-s 
require  threading  dislocation  densities  <lxlOE9  cm-2  in  the  GaN 
channel.  Sandia  National  Laboratories  is  a  multi-program  laboratory 
operated  by  Sandia  Corporation,  a  Lockheed-Martin  Company,  for  the 
Department  of  Energy  under  Contract  DE-AC04-94AL8500o! 

YI0.20 

Wafer-fused  ii-AlGaAs/|>-GaAs/n-GaN  Heterojiiiietxoii 
Bipolar  Transistors  with  Base-Collector  Setback. 

^rah  Marie  Estrada^  James  Champlain*,  Chad  Wang*,  Andreas 
Stonas*,  Larry  Coldren*,  Steven  DenBaars*’*,  Umesh  Mishra*  and 
Evelyn  Hu*’*;  *  Materials,  University  of  California,  Santa  Barbara, 
Calif^ornia;  *  Electrical  &:  Computer  Engineering,  University  of 
California,  Santa  Barbara,  California. 

Recently  we  reported  the  first  AIGaAs-GaAs-GaN  heterojunction 
bipolar  transistor  (HBT),  a  device  that  might  combine  the 
high- breakdown  voltage  of  an  n-GaN  collector  with  the  high  mobility 
of  an  AIGaAs-GaAs  emitter-base.[l]  Because  the  high  degree  of  lattice 
inwmatch  between  GaAs  (lattice  constant  of  5.65A)  and  GaN  (3.19A) 
precliide.s  an  all-epitaxial  formation  of  this  device,  we  formed  the 
GaAs-GaN  heterostructure  via  wafer  fusion,  also  called  direct  wafer 
bonding.  The  conduction  band  offset  of  the  wafer-fused  GaAs-CaN 
lietorojunction  is  unknown.  However,  a  positive  offset  is  likely,  given 
the  eleclriral  characteristics  and  low  current  gain  observe<l  in  our 
f>revlous  work.[2]  'I'lie  effective  conduction  band  offset  may  be  dn<-  to 
fusion-induced  traps  or  defects,  or  to  the  natural  con<hiction  band 
offset  between  (»aAs  and  (iaN  regardle.ss  of  the  fusion  process.  'Phis 
presentation  will  describe  new  HBT  structures,  modified  to  counteract 
a  likely  conduction  ban<l  spike.  Our  new  HBT  structures  have  a 
reduced  base  thickness  of  100  rim  and  an  n-GaAs  base- col  lector 
setback  layer  of  two  cliffereiit  thicknes.ses  (20  or  50  nin).  A  .s**tbark 
layer  sliouhl  shift  the  fu.sed  <laAs-<i*aN  interface  slightly  into  the 
collector.  By  decreasing  the  barrier  in  the  conduction  band  at  the 
base-collector  junction,  the.se  new  structures  may  increase  collector 
current  and  hence  current  gain.  Gunimel  plots  and  conimon-omitter 
l-V  characteri.stics  will  be  presented.  Additionally,  simulated  <‘nergy 
band  diagrams  suggest  alternative  improvements  for  the  HB'I’ 
materials  structure.  Po.ssi  bill  ties  include  the  addition  of  a  Si 
delta-doped  layer  at  the  collector  side  of  the  fused  junction,  the  use  of 
a  lightly  doped  p-GaAs  (rather  than  n-GaAs)  base-colleet.or  .sftbark, 
and  the  use  of  a  higher  band-gap  setback  material  such  ;ls  AKiaAs. 
Kcfcroncos:  [l]  Sarah  Estrada,  Huili  Xing,  Andreas  Stomis,  Andrew 
Huntington,  Umesh  Mishra,  Steven  DenBaars,  Larry  Coldren,  and 
Evelyn  Hu,  Applie<l  Physics  letters  82  (5),  820-2  (2003).  [2]  Accepted 
for  ptibileation:  Sarali  Estrada,  Andrew  Huntington,  Andreas  Stonas, 
Huili  Xing,  Umesh  Mi.shra,  Steven  DenBaars,  Larry  Coldren,  Evelyn 
Hu,  Applied  Physics  lyetters  83  (3),  (tentatively  scheduled  July  21, 
2003).  First  author’s  contact  information: 

estrada^^engineering. ucsb.edu  http://8arah.optimism.us/engineering/ 
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Design  an<l  Fabrication  of  GaN-Based  Permeable  Base 
Transistors.  Jasper  Cabalu*,  Anirban  Bhattacharyya* ,  Ian  Friel*. 

Yuri  Fedyiinin*,  Enrico  Bollotti*,  'Pheodore  Moustakas*,  Vittorio 
Canmrehia*'',  Michele  Goano*"',  Liberty  Gunter"*  and  Kanin  (’hu"*; 

Department  of  Electrical  and  Computer  Engineering,  Boston 
University,  Boston,  Massachusetts;  ^Department  of  Physics,  Boston 
University,  Bo.ston,  Massachusetts;  *Dipartimento  di  Elettronica. 
Politecnico  di  Torino,  Torino,  Italy;  ^BAE  SYSTEMS,  Nashua,  New 
Hampshire. 

1'lte  permeable  ba.se  transistor  (PBT)  is  a  viable  alternative  to  the 
current  generation  of  planar  GaN  based  devices  for  RF  power 
amplifior  applications.  PBTs  are  essentially  vertical  MESFETs  that 
can  bo  fabricated  wiib  equivalent  gate  lengths  shorter  than  0.10  /im. 
Although  PBTs  have  already  been  demonstrated  in  Si,  GaAs  and  SiC, 
to  date  there  is  very  little  being  done  to  develop  these  devices  in  the 
HI-Nitri**!''  nia!«»rial  sysf«'in.  In  this  work  we  present  an  infegrat#vl 
appro;u-!i  l<>  l  h«-  *h  sign  ;\n<l  fabrication  of  Pn'P.s  on  <;aN  that  iii>’iu«lrs 
both  physics  based  simulation  and  submicron  device  growth  and 
processing.  3'hc  performance  of  several  device  structures  have  been 
simulated  ti.sing  a  microscopic  physics  based  model  that  include  the 
detail  of  the  GaN  electronics  structure.  A  simpler  model  based  on  an 
energy  balance  technique  has  also  been  developed  for  production 
design.  For  PBTs  with  feature  size  of  0.2  /xm  the  mode!  predicts  a 
maxinuiin  transconductanco  of  500  mS/mm  and  fT  =  70GHz. 
Electro-thermal  simulations  have  been  performed  to  determine  the 
device  performance  in  reali.stir  operational  conditions.  We  also  pre.sent 
the  fabrication  technique  of  an  etched  grooved  GaN-based  permeable 
base  transistor  struct uro.  Starting  from  an  n-type  GaN  layer 
structures  grown  by  Halide  Vapor  Phase  Epitaxy  (HVPE).  the  device 


active  layers  ar<‘  tlfpcisited  ttsing  Molecular  Beam  Epitaxy  (MBE). 

'I'he  fabrication  proe»«ji*i  iak<‘S  advantage  of  isolations  pads  via  He 
implantation  uikI  siibmieron  etching  of  the  collector  fingers.  'I’he 
finger/groove  dimension  is  <  0.2  /tm  and  with  a  1:1  and  1:3  pitch  that 
have  been  obtained  by  e-beam  lithography.  Several  device  structures 
have  been  fabricated  and  characterized.  The  current- voltage 
characteristics  will  be  presented  and  compared  to  the  simulation 
results.  Preliminary  RF  performance  results  will  be  also  illustrated. 

Y10.22 

Correlation  of  Transport  and  Structural  Properties  in 
AlGaN/GaN  HEMT  Structure.^  grown  with  AIN  Interlayers. 
Marianne  Germain*.  Maarten  Leys',  Steven  Boeykens' ,  Wonier 
Ruythooren',  Dominique  Schreurs',  Khang-Hoon  Choi',  Gustaaf 
Borghs',  Benny  Van  Daele*,  Gustaaf  Van  Tendeloo*,  Jean-Louis 
Farvacquo®  and  Franro.sca  Carosella®;  'MOP,  IMEf',  L/mivcii, 

Belgium;  *EMAT,  University  of  Antwerp,  Leuven,  Belgium; 

^USTLille,  Lille,  Prance. 

Strain  state  of  the  GaN  layer  close  to  the  interface  in  AlGaN/GaN 
HEMT  structures  has  direct  influence  on  the  electrical  properties  of 
the  2DEG,  as  well  on  the  structure  of  the  top  AlGaN  layer,  on  which 
contacts  are  formed.  Strain  engineering  is  made  possible  by  the 
growth  of  AIN  interlayers  (IL),  deposited  at  low  temperature  (LT),  in 
the  buffer  GaN.  HEMT  structures,  only  differing  by  the  number  of  LT 
AIN  IL  in  the  buffer  GaN,  have  been  grown  by  LP  MOVPE  on 
sapphire.  The  top  AlGaN  layer  was  always  grown  with  a  thickness  of 
30  nm  amd  an  A1  content  of  33%.  The  AIN  interlayers  were  grown  to 
thickne.ss  of  20  nm  an<l  their  .separation  was  240  nm.  The 
Van-dcr-Pauw  sho«'t  resistivity, at  room  temperature  is  greatly  r<'duee<l 
by  the  pr<  senre  of  intfrlayc  rs;  from  70nfl/S<|  in  tim  reffrene*-  s.amph- 
to  500n/sq  for  tin*  samples  with  I  and  3  interlayers  and  down  to 
.340n/Sq  in  the  sample  with  2  interlayers.  Magneto-transport 
measurements  show  very  clear  Shubnikhov-de-Haas  oscillations  at  a 
magnetic  field  of  2.5  3’  at  1 .5  K  (sample  with  throe  interlayers), 
showing  a  better  quality  than  that  of  the  reference  sample.  TRM 
investigation  of  the  samphss  shows  that  ail  the  threiuling  disloc.ations 
propagating  through  lh<*  GaN  layer  are  sU>ppe<l  at  the  GaN/AIN 
interface.  Although  new  dislocations  are  generated  at  the  AIN/GaN 
interface,  their  directions  are  not  parallel  to  the  c-axis  and  they 
annihilate.  Thus,  the  threading  dislocation  density  is  reduced  from 
5.10®  cm*"*  in  the  reference  sample  to  approximately  l.io’cm"**  after 
only  one  interlayer.  AFM  measurements  showing  cracking  of  the 
surface  AlGaN  layer  on  the  reference  sample  grown  without  any 
interlayers,  also  <leinonstrate  that  this  cracking  is  drastically  re<^luced 
by  the  presence  of  interlayers.  HKXRD  measurements  show  two  GaN 
re  lated  |>eaks,  iri<(icatiiig  different  strain  states  of  GaN.  I-Vom  electrical 
measurements,  and  confirmed  by  3*EM,  the  optimum  number  of 
interlayers  is  two,  Interesting  correlation  of  electrical  and  structural 
characterization  is  moreover  observed  between  transport  and  A1‘''M 
measurements.  Recent  theoretical  simulations  of  the  mobility  versus 
carrier  density  have  shown  that  the  introduction  of  some  electrical 
roughening  of  the  surface  is  necessary  to  explain  the  mobility  drop 
observed  at  high  electron  concentration  in  HEMT  structures. 
Correlation  between  structural  and  electrical  behaviour  will  be 
discussed,  in  relationship  with  theoretical  simulations  of  the  tran.sport 
properties.  HEMT  devices  have  also  been  processed:  values  for  ldf„ax 
are  up  to  1  A/mm.  Good  pinch-off  of  the  devices  processed  from 
samples  containing  interlayers  could  be  achieved  at  a  voltage  of -7  V. 

Y  10,23 

AlGaN/GaN /AIN  Hcterostructure  Field  Effect  Trsmsistors 
with  Highly  Resistive  AIN  Epilayers.  Zhaoyang  Fan ,  MIm  Lai 
Nakarmi,  Jingyu  Lin  and  Hongxing  Jiang;  Department  of  Physics, 
Kansas  State  University,  Manhattan,  Kanseis. 

AIGaN/GaN  hetcrostructuro  field  effect  transistors  (HFEI’s)  arc  still 
facing  some  major  problems.  One  is  the  current  dispersion 
phenomenon,  related  with  the  bulk  defects  trapping  and  surface  states 
of  the  heterostructure;  the  insufficient  pichoff  caused  by  the  low 
resistive  GaN  bulk  layer  is  another  challenge.  Here  we  propose  and 
demonstrate  a  novel  AIGaN/GaN/ AIN  HFET  with  highly  resistive 
AIN  epilayer  grown  on  sapphire  substrate.  The  characterization  of  the 
fabrlrato<l  HFET  nnd  tlio  imnioriral  simulation  of  tli»'  roint/'d 

.sfnir!  ur»-  an-  re  port  .-.I  i  fir  higbly  rt-.sistiv**  AIN  tvphu-Ing  Hi.- 

GaN  bulk  layer,  the  parasitic  conduction  in  the  bulk  layer  is 
completely  removed  and  leakage  current  is  reduced;  at  the  same  time, 
the  largo  conduction  band  edge  discontinuity  between  GaN  channel 
and  AIN  layer  limits  the  spill-over  of  channel  electrons  into  the  bulk, 
diminishing  the  current  dispersion  related  with  bulk  trapping. 
Simulation  shows  that  the  adverse  effect  to  channel  electrons  caused 
by  the  negative  polarization  charge  between  GaN  and  AIN  interface 
can  be  overcome  by  optimizing  the  structure  and  adoption  of  backside 
doping.  Do  cliaraciorizaiioii  of  tlic  fabricated  devices  on  sapphire* 
substrate  with  1  /iin  gate  length  shows  high  saturation  current  (>1 
A/mm),  excellent  gate  control  ability  with  pinch-off  voltage  -6  V, 
and  a  maximum  transconductance  of  180  mS/mm.  Even  without 
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passivation,  Ihe  device  shows  small  current  dispersion  (<  10%)  under 
1  /is  pulse  gate  driving. 

Y10,24 

Photoluminescence  and  X-Ray  Diffraction  Study  of 
AlGaN-GaN  HEMT  Structures  for  Microwave  Electronics. 
Michael  E.  Aumer^  D  B  Thomson \  D  Partlow*,  S  Cho*,  G  Rubloff®, 
R  Adomaitis^,  G  Henry \  G  Augustine^  and  R  C  Clarke*;  ‘Advanced 
Materials  and  Semiconductor  Device  Technology  Center,  Northrop 
Grumman,  Linthicum,  Maryland;  ^Dept.  of  Materials  and  Nuclear 
Engineering  and  the  Institute  for  Systems  Research,  Univ.  of 
Maryland,  College  Park,  Maryland;  ®Dept.  of  Chemical  Engineering 
and  the  Institute  for  Systems  Research,  Univ.  of  Maryland,  <’ollego 
Park,  Maryland. 

A  eti.<ii.oin-l>uili  ititilt  i- waO'r  nu*taiorgnnir  cluMnieal  vapf>r  rloposii  ion 
j-otn’tiu’ Ims  ln*»*n  d*‘V*  lop**r!  hn*  th»‘  «’pilaxiul  growth  <»r 
( Al,ln)<  JaN-has/'d  high  *'h*etron  mobility  (IIEM'I')  structuivs  on 
silicon  carbide  substrates .  (las  flow  modeling  guided  the  development, 
of  the  reactor  design  to  minimhe  composition  and  thickness 
variability  of  deposited  films.  Real-time  in-situ  chemical  sensing  of 
precursors,  adducts,  and  byproducts  was  used  to  optimize  the  quality 
of  AIN,  GaN,  and  AIGaN  films  and  to  ensure  reproducibility  of  the 
deposition  proce.ss.  Multiple  HEMT  structures  were  grown  on  4H-  and 
fill‘Si<'  to  f>stablish  tin*  ro|o  of  siibstratr  and  film  prophetic's  as 
S(rur''4>N  of  IIEM'r  p«Tfi»rtimM*’h  variability.  'Pin*  .Htrii*'! ural,  opti<-al,  and 
rjhal  prophrtioN  of  J.h<-  subsi  rath,  nuclration  lay^r,  ami  bullV-r  layr-r 
Whiv  niha.surcfl  by  s**v/t:i1  b*rhniqnr.H,  including  x-ray  <iiirraction 
(XKD),  x-ray  reflectivity  (XRR),  photoluminescence  (Pb),  and  Hall 
effect.  Additionally,  high-resolution  maps  of  AIGaN  composition  and 
thickness  were  generated.  Correlations  between  the  measured 
properties  of  the  substrate  and  films  with  HEMT  performance  metrics 
such  as  \m  AX ,  It,  iransconductance,  output  resistance,  and 
breakdown  voltage  will  be  reported.  It  was  found  that  the  material 
I>roperties  best  correlated  with  the  electrical  performance  were 
substrate  rocking  curve  linewidth,  PL  emission  intensity,  and 
AlGaN-GaN  interface  roughness  (measured  by  XRR).  While  samples 
in  this  study  with  differing  defect  microstructure  and  impurity 
content  yielded  devices  with  an  \max  value  greater  than  1  A/mm, 
other  key  parameters  such  as  breakdown  voltage  and  output 
resistance  were  significantly  affected  by  material  variation. 

Y10.25 

Contactless  Characterization  of  GaN/AlGaN  High  Electron 
Mobility  Transistor  Structures  Using  Surface  Photovoltagc 
Spectroscopy.  Sana  Solodky‘,  Tamara  Baksht‘,  Isai  Ortenborg  , 

Alexandei-  Khramisov^,  Mark  Leibovitch^,  Shlomo  Hava*  and  Yoram 
Shapira* ‘TeLAviv  University,  Ramat  Aviv,  Israel;  *Ben  Gurion 
University,  Beer-Sheva,  Israel;  *Gal-El  (MMIC),  Ashdod,  Israel. 

GaN/ AIGaN  high  electron  mobility  transistors  (HEMT)  structures 
have  been  characterized  using  surface  photovoltage  spectroscopy  and 
empirical  modeling.  The  two  oppositely  directed  electric  fields  in  the 
GaN  buffer  and  AIGaN  Schottky  layer  define  the  potential  profile  of 
the  HEMT  structure.  1'he  sensitivity  of  SPV  to  electric  field  direction 
makes  it  possible  to  distinguish  between  signals  coming  from  different 
regions  of  the  structure.  Numerical  simulations  show  that  the  total 
surface  pliotovoltage  (SPV)  is  a  combination  of  two  signals  from  the 
buffer  and  Schottky  layer  regions.  In  a  GaN/AlGaN  HEMT  structure, 
a  triangular  quantum  well  (QW)  is  formed  at  the  interface  with  the 
Schottky  layer.  Thus,  holes  generated  by  absorption  at  the  QW  are 
swept  toward  the  Schottky  layer,  contributing  to  a  dominant  positive 
signal  in  the  QW  region  of  absorption.  The  doping  level  n  together 
with  the  surface  charge  density  Qsur  define  the  distribution  of  the 
vertical  electric  fields  within  the  device  and  the  electron  sheet  density 
in  the  channel.  Numerical  simulations  show  the  effect  of  n  and  Qsur 
on  the  spectrum.  A  statistical  approach  and  the  Design  of  Experiment 
technique  enables  developing  an  empirical  model,  which  correlates 
spectrum  features  with  n  and  Qsur.  This  model  enables  comparing 
SPV  spectra  of  different  structures  and  extracting  differences  in 
charge  densities.  Comparison  of  two  different  GaN/AlGaJ^ 
epi-structures  shows  dQsiir  =2.1x1012  cm-2,  indicating  different 
surface  defect  densities.  Surface  passivation  of  HEMT  structures 
significantly  affects  the  device  performance.  Thus,  it  is  crucially 
important  to  study  its  influence  on  device  surfaces.  Applying  the 
model  for  compari.son  of  the  spectra  of  a  HEMT  structure  before  and 
after  passivation  yields  a  numerical  value  of  dQsur=l. 8x1012  cm-2.  In 
addition,  the  signal  drop  of  the  AIGaN  in  the  passivated  structure 
starts  at  higher  energy  values.  This  is  probably  due  to  passivated 
surface  states  present  in  the  AIGaN  prior  to  SiN  deposition. 

Y10.2C 

LP-MOeVD  growth  of  GaAIN/GaN  heterostructures  on 
Silicon  Carbide.  Application  to  HEMT’s  devices. 
dLForte- Poisson  Marie- Antoinette* .  Magis  Michelle*,  Tordjman 
Maurice*,  Romann  Annick*,  Aubry  Raphael*,  Delage  Sylvain*,  di 
Persio  Jean*,  Grimbert  Bertrand*  and  Gaquiere  Christophe*; 


*  advanced  Electron  Device  Department,  Thales 
ResearchfcTechnology,  Orsay,  FVance;  *Universite  de  Lille,  Villeneuve 
d,  FVance;  *IEMN,  Villeneuve  d,  France, 

Wide  Band  Gap  semi-conductors,  such  as  SiC  and  GaN,  exhibit  many 
attractive  properties  :  the  combination  of  the  large  band  gap,  high 
breakdown  field  (over  2MV/cm)  and  the  ability  to  form  high  quality 
heterostructures  in  GaAIN/GaN  with  good  transport  properties,  make 
those  wide  band  gap  materials  ideal  candidates  for  high  power,  high 
frequency  application.  In  this  paper,  wo  report  the  LP-MOCVD 
growth  optimisation  of  GaAIN/GaN  heterostructures  on  Silicon 
Carbide  substrates  for  HEMT  applications  and  the  first  device 
performances  with  these  structures.  GaAIN/GaN  het.orostnicluros 
with  22%  Al  content  were  grown  in  a  single  wafer  Aixtron  reacteur, 
on  semi-instilating  on-axis  4H  .SiC  substrates,  using  TViethylgallium 
(TEG),  'IViinethylahiniiniuni  ('I'MA),  and  anitnonia  (NIL!)  a.s  group 
111  and  gr»»u|*  V  ir.s  'IMm- erit  i»*al  iinpnet  (ir.siiine  growth 

parani<’ter.s  on  tin*  physical  propertieH  of  the  (•aAIN/<!aN  <‘pilayers, 
has  been  identified.  'I'lio  SIC  substrate  surface  preparation  (Ex-situ 
and  In-situ  surface  preparation),  the  GaN  nucleation  layer  growth 
conditions  (growth  temperature,  laver  thickness,  strain)  appeared  to 
be  key  steps  of  the  GaAIN/GaN /SiC  growth.  GaAIN/GaN  HEMT 
structures  under  study  consisted  of  Imicrometer  insulating  GaN 
buffer  layer  followed  by  a  27nm  Si  doped  GaAlN  layer  with  22%  Al 
content  and  an  nndoped  GaN  cap  layer,  3nm  thick.  A  specific  design 
of  lh»‘  (hiN  liiy»T  has  !«  i*n  opI.iini.Hf'd  in  or»l*T  i.o  obitiin 

insulating  tnatf'rial.  'I'lil.n  wa.s  ctniftriiH'd  by  a  background  doping  Unver 
than  lUEld  ctn-3  and  a  vi-ry  low  leakage  current  (  l<  2pA  at  -2(1  V). 
'I'ho  transport  propertie.s  of  such  lioterostructures  were  studied  as  a 
function  of  temperature  from  300K  to  lOK.  Hall  mobility  higher  than 
1000cm2V-ls-l  has  been  obtained  at  300K  associated  with  a  sheet 
carrier  density  of  1.2  1 0E13  cm-3.The  high  mobility  obtained  at  low 
temperature  (3600cm2V-ls-l  at  77K)  for  the  mentioned  HEMT 
structures  reveals  a  good  quality  of  the  GaAIN/GaN  interface  which 
was  confirmed  at  tlie  atomic  scale  by  TEM  measurements.  Other 
characterisation  techniques  such  as  AFM,  HR-XUD,  C-V 
measurements  and  sonogauge  have  been  applied  to  investigate  the 
material  quality  of  the  GaAIN/GaN  HEMT  structures.  AFM  and 
HR-XRD  measurements  evidenced  a  very  good  crystalline  quality  of 
the  GaAIN/GaN  epilayers  with  a  RMS  close  to  0.3nm,  and  a  rocking 
curve  FWHM[0002]  lower  than  80  arc-sec  related  to  the  GaN  layer. 

M'ho  device  fabri/'ation  w;is  performe<l  using  a  conventional  mesa 
isolated  process  with  HIE  for  mesa  definition.  Ti/Al/Ni/Au  was  used 
for  ohmic  contact  formation  and  Pt/Au  for  the  gate  metal.  The 
devices  were  realized  with  gate  length  (Lg)  of  O.Smicrometers, 
O.Smicrometers,  O..3micromctors  and  O.lSmicrorneters.  The  first 
devices  measured  at  lOGHz  using  a  load  pull  system  exhibit  CW 
ouput  Power  in  excess  of  2.8W/mm  for  a  gate  length  of 

O. Smicrometers.  Under  static  measurements  we  found  a  maximum 
drain  current  Idss  around  lA/mm  and  a  good  pinch-off  voltage  of  -5V. 

Y10.27 

MOeVD  Growth  of  AIGaN/GaN  HEMT  Structures  on 
100mm  Substrates.  David  William  Gotthold.  Brian  Albert,  Ronald 
Birkhahn,  Shiping  Guo  and  Boris  Peres;  EM  CORE,  Somerset,  Now 
Jersey. 

AIGaN/GaN  High  electron  mobility  transistors  (HEMTs)  have 
attracted  a  great  deal  of  attention  in  recent  years  because  of  their 
promise  for  high  performance  RF  devices  and  high  temperature 
operation.  A  great  deal  of  research  has  already  been  done  on  these 
devices  using  small  (50mm)  substrates.  However,  growth  on  larger 
substrates  is  important  due  to  both  the  high  cost  of  processing  wafers 
and  the  limited  availability  of  narrow  linewidth  lithography 
equipment  needed  for  high  performance  devices.  EM  CORE  is 
currently  developing  growth  on  100mm  sapphire  and  silicon  substrates 
in  order  to  understand  the  issues  involved  in  growth  on  large 
substrates  and  to  speed  the  development  of  epitaxy  on  100mm  SiC 
once  such  substrates  become  available.  Because  of  the  significant 
lattice  and  thermal  mismatches  on  al!  substrates,  as  well  m  the 
extreme  growth  conditions  used  for  GaN  epitaxy,  scaling  wafer  size  is 
not  as  straight  forward  as  in  other  compound  semiconductor 
technologies.  Wafer  bowing,  thermal  variations,  and  strain  all 
significantly  effect  uniformity,  repeatability,  and  device  performance. 
Using  a  variety  of  in-situ  characterization  tools,  these  effects  can  be 
studied  and  controlled  through  structure  and  process  improvements. 

On  100mm  silicon  substrates,  HEMT  structures  have  been  grown  with 
a  sheet  resistance  of  36 OH/  and  uniformity  <  3%  across  the  wafer. 

Y10.28 

In-situ  chemical  sensing  for  real-time  prediction  of  material 
quality  and  film  thickness  in  GaN  MOCVD.  Soon  Cho*.  Gary 
W.  Rubloff*,  Michael  E.  Aumer*,  Darren  B.  Thomson*  and  Deborah 

P.  Partlow*;  ‘Department  of  Materials  Science  and  Engineering  and 
Institute  for  Systems  Research,  University  of  Maryland,  College  Park, 
Maryland;  *  Advanced  Materials  and  Semiconductor  Device 
Technology  Center,  Northrop  Grumman  Corporation,  Linthicum, 
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Maryland. 

(ialliuin  nitride  proiiiijirJi  to  be  a  key  material  for  future 
semiconductor  devices  aimed  at  high  frequency,  high  power  electronic 
applications.  Manufacturing  for  such  high  performance  products  will 
require  sy-stematic  methods  to  achieve  reproducible  metrics  such  as 
material  quality  and  film  thicknesses  in  multilayer  structures.  In  a 
joint  project  between  the  University  of  Maryland  and  Northrop 
Grumman  Corporation,  we  have  anticipated  this  challenge  and 
addressed  it  to  accelerate  learning  at  the  R&D  stage  through  the  use 
of  in>situ  mass  spectrometry.  Employed  as  a  real-time,  in-sitn 
chemical  sensing  techtii<|ue  in  the  MOCVD  process,  n*al-tinie  mass 
spectrometry  reveals  the  gen<*ration  of  by-product  species  due  to  the 
deposition  reaction  as  well  as  background/ impurity  species  in  the 
process.  By-product  signals  provide  a  real-time  predictor  of  the 
crystal  quality  of  the  material,  as  determined  post-proce.ss  by  ex-sitii 
XIU)  (x-ray  dilfrnction),  with  the  m ass-spec/ XIU)  correlation 
exhibiting  an  average  uncertainty  of  5%  or  less.  Background  impurity 
levels  in  the  gas  phase  were  also  closely  correlated  to  post-process, 
ex-situ  photoluminesence  measurements  for  material  quality.  In 
addition,  lime-integration  of  the  by-product  signals  through  the 
deposition  process  cycle  provides  a  thickness  metrology  suitable  for 
controlling  the  thickness  of  the  individual  layers  in  the  GaN-based 
HFET  structure.  These  applications  of  real-time,  in-situ  chemical 
sensing,  as  predictors  of  material  quality  and  film  thicknesses,  promise 
significant  benefits  in  terms  of  rapid  learning  in  R*VD  and  advanced 
profv.ss  r'otitrol  in  tJaN-bas^d  H«*inicotidiK'tor  inanufariuring. 

Y10,20 

Growth  of  Diilk-liko  GaN  Layers  in  a  Vertical  HVPE  Reactor. 
<*arl  lleniniings.son,  Henrik  Larsson,  Danicla  Gogovn  ami  Ho 
Monomar;  IFM,  materials  science,  Linkopings  university,  Linkoping, 
Sweden . 

2-ijiHi  ern^'k  fr*-<’  (iaN  crystal  layers  with  a  thickness  up  to  0.r> 

iiiiit  have  been  grown  by  hy<lri<ie  vapour  phase  epitnxt  (I  I  VIM*/)  in  n 
vertical  hot-walle<l  reaetor  at  atmospheric  pressure.  'Plie  growth  was 
performed  in  a  mixture  of  gallium  chloride  and  ammonia  in  the 
temperature  range  1050-1100  OC  with  nitrogen  as  a  carrier  gas.  The 
process  gases  are  distributed  from  the  bottom  upwards  through  the 
reactor,  Thus,  the  substrate  is  exposed  downwards  to  the  process 
gases.  Using  this  rector  geometry,  growth  rates  up  to  250  /mi/hr  have 
been  obtained.  'Phe  growth  process  has  been  studied  concerning  the 
choice  of  template,  pre- treatment  and  initial  growth  process.  Several 
different  sub.straies,  both  bufTered  and  unbuffered,  have  been  used  in 
the  investigation,  'riie  structural  and  optical  property's  of  th*-  layers 
have  been  studied  using  optical  microscopy,  X-ray  diffraction  (XRD) 
and  low  temperature  phoioluminescence  (LTPL).  The  result  shows 
that  the  interface  region  between  the  template  and  the  GaN  single 
crystal  layer  and  the  uniformity  of  the  layer  thickness  is  important  in 
order  to  obtain  stress- relaxed  layers.  Thus,  in  order  to  achieve  thick 
crack  free  GaN  layers  of  high  crystalline  quality  an  optimised  reactor 
geometry,  template  pre-treatment,  and  initial  growth  process  is 
necessary, 

Y  10.30 

Multi-Step  Optiiuization  Of  Cantilever  Epitaxy  for  Improved 
Material  Quality.  Christine  C.  Mitchell.  Daniel  D  Koleske,  David  M 
Follstaedt,  Nancy  A  Missert,  Paula  P  Provencio,  Andrew  A  Ailerman 
and  Michael  E  Coltrin;  Sandia  National  Laboratories,  Albuquerque, 
New  Mexico. 

Cantilever  epitaxy  (CE)  has  been  developed  by  our  group  to  produce 
GaN  on  sapphire  with  low  dislocation  densities  as  needed  for 
improved  devices.  A  mechanism  is  employed  to  manipulate 
dislocations,  which  normally  propagate  vertically  from  the  buffer  layer 
to  the  surface,  to  turn  them  into  the  plane  of  the  material.  This 
technique  has  allowed  us  to  achieve  densities  as  low  as  5  x  10~/cm^ 
averaged  across  multiple  posts,  overgrowth  zones,  and  coalescence 
fronts  on  sapphire  cantilever  epitaxy  substrates,  as  determined  with 
AFM,  TEM  and  cathodoluminescence  (CL).  This  density  is  one  to 
two  orders  of  magnitude  below  that  of  conventional  planar  growths. 
I'hese  improvements  suggest  that  large-area  devices,  such  as  LEDs, 
can  be  fabricated  on  these  low  defect  density  substrates.  Recent  work 
has  been  completed  to  eliminate  a  defect  type  seen  in  early  cantilever 
epitaxy  attempts,  labeled  as  ” dark-block  defects”  because  they  are 
non- radiative  and  appear  as  dark  rectangles  in  CL  images,  and  a 
repeatable  method  has  been  established  for  coalescing  large  of 

cantilever  epitaxy  material  without  these  defects.  Charncteri^  afion 
with  SEM,  AFM,  and  TEM  of  cantilever  material  in  defect  areas 
indicates  that  the  defects  result  from  misorientations  between  the  two 
cantilever  sections  being  broiight  together.  Examination  of  the 
evolution  of  the  cantilever  films  for  many  growths,  both  partial  and 
complete  will  be  presented  and  the  importance  of  controlling  the 
growth  conditions  and  crystal  morphology  at  multiple  steps  will  be 
emphasized. 


Y10.31 

AbHiract  Witlidrawii 
Y  10.32 

Lateral  overgrowth  of  patterned  SiC  substrates  by  GaN  and 
AlGaN.  Uwe  Rossow.  U  Ahrend,  N  Riedel,  D  Fuhrmann,  F  Hitzel,  M 
Grove  and  A  Ilangleitcr;  Inst.  f.  Tcchn.  Physik,  TU  Braunschweig, 
Braunschweig,  Germany. 

The  large  defect  densities  associated  with  heteroepitaxial  growth  of 
group-lll  nitrides  are  detrimental  particularly  to  laser  dio<les. 
Well-known  lateral  growth  srheme.s  sm  b  ns  epitaxial  lateral 
overgrowth  (EI/0(H  rely  (ui  overgrowth  of  |>re-de|»(jf»iie(|  nitride  layers 
applying  dielectric  masks.  However,  in  order  to  avoid  contaminations 
and  simplify  the  processes  it  is  advantageous  to  separate  growth 
proce.ss  and  pattern  formation.  We  have  <leveloped  a  patterning 
process  for  n-typ<'  <loped  Si<  ■  substrates  ba.sed  on 
pliotoelectrochemica!  (PEC)  etching.  Stripe  patterns  aligned  along 
either  [1-100]  or  [11-20]  directions,  respectively,  and  periods  between  5 
and  10  microns  were  etched  to  depths  between  0.5  and  2. microns. 
Low-pre*ssure  metal-organic  vapor  phase  epitaxy  (MOV PE)  in  a 
horizontal  reactor  was  ther>  used  for  overgrowth.  Wc  have  previously 
shown  that  a  defect  reduction  by  this  approach  is  possible  and  found 
an  improvement  by  a  factor  of  5-10  compared  to  optimized  growth  on 
planar  substrates.  A  further  reduction  requires  more  insight  in  the 
facet,  formation  and  stability.  We  performed  growth  experiments 
varyltig  growth  l«*n»p*'ratiir*',  V/HI  ratio  an<l  total  pr<*Hsuiv*.  A  «h'f*‘«*t 
reduction  requir^'S  low  pivssures  compared  to  growth  on  planar 
substrates.  For  SOrnbar  and  V/HI  ratios  of  2500  lateral-to- vertical 
growth  rate.s  of  more  than  H  were  found.  A  further  reduction  of 
pressure  had  no  significant  effect.  Wc  found  instabilities  for  extreme 
V/lII  ratios  of  more  than  5000.  Here  screw  dislocation  most  likely 
originating  at  the  substrate  interface  seem  to  be  the  cause.  We  find 
that  in  our  growth  environment  facets  of  low  angles  between  18  and 
.'JOdegs  are  surprisingly  stable.  We  are  presently  inv<‘sf  ignting  the 
natnr*'  of  thes*-  fsuN*ts  winch  netrd  to  be  avoide<l  in  or<I<T  to  efliciently 
reduc<‘  the  deO-ct  <lensity. 

Y10.33 

Migration  Eiiliauco<l  Metal  Organic  Chemical  Vapor 
Deposition  for  III-N  Heterostructure  Growth.  Qhalid  Fareed\ 
Remis  (Jaska*,  Michael  Shiir^  and  Asif  Khan^;  ^.Sensor  Electronic 
'lechnology,  Inc.,  ('oliirnbia,  South  Carolina;  ^Department  of  lOCSE 
and  Broadband  Center,  Rensselaer  Polytechnic  Institute,  Troy,  New 
York;  ^Department  of  RE,  Thiivorsily  of  South  Carolina,  Columbia, 
South  (Carolina. 

We  report  on  a  new  Migration  Enhanced  Metal  Organic  Chemical 
Vapor  Deposition  (MEMO-CVD)  epitaxial  technique  for  growth  of 
AlN/GaN/InN  films  and  heterostructure  layers.  MEMO-CVD  is  an 
improved  version  of  Pulsed  Atomic  Layer  Epitaxy  (PALE),  which 
deposits  quaternary  AIxInyGal-x-yN  layers  by  repeats  of  a  unit  cell 
grown  by  sequential  metal  organic  precursor  pulses  of  AI-,  In-,  Ga- 
and  NH3.  In  PALE,  the  duration  of  each  pulse  in  the  unit  cell  is  fixed, 
and  the  NH3  pulse  always  followed  each  metalorganic  pulse.  In 
MEMO-CVD,  the  duration  and  waveforms  of  precursor  pulses  are 
optimized,  and,  generally  speaking,  the  pulses  overlap  allowing  for  a 
continuum  of  growth  techniques  ranging  from  PALE  to  conventional 
MOCVD.  MEMO-CVD  combines  a  fairly  high  growth  rate  for  buffer 
layers  with  reduced  growth  temperature  (by  more  than  150  C)  and 
improved  quality  for  active  layers.  Using  this  new  technique,  we 
achieved  a  better  mobility  of  pre- cursor  species  on  the  surface  and, 
thus,  better  atomic  incorporation  1  and  improved  surface  coverage. 

This  enabled  scale  up  of  our  epitaxial  technology  to  four  inch  and 
allowed  for  precise  growth  of  Strain  and  Energy  Band  Engineered 
structures  resulting  in  elimination  of  aging  effects  in  AlGaN/GaN 
heterostructures  grown  on  large  area  substrates. 

Y10.34 

Growth  and  Characterization  of  Epitaxial  GaN  Thin  Films  on 
4H-SiC  (1120)  Substrates.  B.  P.  Wagner^,  Z  J  Reitmeier\  E  A 
Preble*,  D  N  Zakharov*,  Z  Liliental-Weber^  and  R  F  Davis*; 

*  Materials  Science,  North  Carolina  State  University,  Raleigh,  North 
Carolina;  ^Lawrence  Berkeley  National  Laboratory,  Berkeley, 
California. 

GaN  thin  films  were  grown  via  organo-metallic  vapor  phase  epitaxy 
on  a-plane  4H-SiC  (1120)  substrates  using  an  AIN  buffer  layer. 
High-resolution  x-ray  diffraction  confirmed  that  the  GaN  deposited 
epitaxially  in  the  same  orientation  as  the  substrate.  The  average 
on-axis  x-ray  full-width  half-maximum  of  the  (1120)  reflection  was 
331  arcsec.  Atomic  force  microscopy  images  show  that  the 
microstructure  of  the  AIN  buffer  layer  and  the  subsequently  deposited 
GaN  have  a  highly  oriented  growth  structure  where  parallel  growth 
features  propagate  in  the  [1100]  direction.  No  surface  features  were 
resolved  using  scanning  electron  microscopy  imaging  and  the 
interfaces  between  the  substrate,  buffer  layer,  and  epi-layer  were 
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continuous.  Plan-view  transmission  electron  microscopy  analysis 
showed  stacking  fault  and  threading  dislocation  densities  to  be 
-^1.6x10*  cm“*  and  3.3x1  0‘°cm“\  respectively. 

YIO.35 

Investigation  of  the  Thermal  Properties  of  GaN  Grown  on 
Silicon  Substrates.  Christian  Mion*.  Yun-Chorng  Chang* ,  John 
Muth^  and  JcIT  Brown^;  *KCB  Dept,  North  Carolina  State  University, 
Raleigh,  North  Carolina;  '^Nitronex  Corporation,  Raleigh,  North 
Carolina. 

One  of  the  principle  problems  of  high  power  electronic  devices  is  the 
extraction  of  heat  from  the  active  region  of  the  device.  The  thermal 
conductivity  of  the  substrate  is  a  crucial  parameter  affecting  the 
thermal  dissipation  capability  of  a  device.  In  this  study  we 
investigated  the  tliential  conductivity  at  room  teiupcraturt- of  7  <;aN 
and  AKIaN/GaN  layers  grown  on  silicon,  employing  the  3  omega 
thermal  conductivity  method.  By  varying  the  thickness  of  the  GaN 
layers  from  0  to  700  nm  on  silicon  substrates  the  interfacial  resistance 
between  the  GaN  and  Silicon  substrate  was  shown  to  be  very  small. 
The  thermal  conductivity  for  the  GaN  layers  was  found  to  range  from 
130  to  HO  W/mK  which  is  comparable  to  thermal  conductivity  of  the 
silicon  substrate.  In  device  quality  films  consisting  of  a  30nm  AIGaN 
lay»*r  on  <taN,  I-Ik*  elfecliv/*  th^-rmal  conductivity  of  the  <levire  layers 
was  found  to  increase  by  aboul  10%  to  ISO  W/mK.  'Phi.s  result 
indicates  that  th<*  heat  transfer  of  GaN  on  silicon  is  as  good  jvs  either 
GaN  or  silicon  alone,  and  that  no  thermal  degradation  attributable  to 
the  GaN/Sillcon  interface  is  observed. 

Y10.30 

Growth  of  high  qulity  crack- free  GaN  on  AIN  quantum  dots 
over  Si(lll)suhstrates  by  MOCVD.  Wenhong  Sun  ^ ,  Jingli 
<31**11“^,  Ifianshtiii  Wang*  aii»l  S.  J.  <3ma*;  * f>pl,o»*h*cLrotiies  ami 
IMtotonirs,  IMH.K,  Sittgapon*,  Singapore;  '^IVpartemt  of  Mati*rials 
Science,  NUS,  Singapore,  Singapore. 

Si  as  a  substrate  material  for  GaN  growth  promises  two  advantages, 
l-’irsi,  the  well  known  cleaning  and  other  technological  proc«-diires 
develope<l  for  Si  can  be  us<‘d.  Second,  the  substrate  can  be  chemically 
removed  in  order  to  get  self  supporting  GaN  templates  for  further 
growth.  Therefore  GaN  grown  on  Si  is  of  great  interest  despite  the 
large  misfit.  Most  research  work  has  been  done  on  the  growth  of  GaN 
on  Si  substrates,  and  high-bright  GaN  LEDs  have  been  successfully 
fabricated  from  the  subsequent  structural  materials.  Due  to  the  large 
differences  in  the  thermal  extension  coefficient  and  lattice  constants 
between  GaN  and  Si  substrates,  the  cracks  on  the  surface  of  GaN 
epilayers  usually  can  hardly  avoidable.  As  we  know,  the  buffer  layer  is 
important  for  the  quality  of  GaN  on  either  Sapphires  or  Si  substrates. 
To  improve  the  material  quality  even  withotit  any  cracks,  research 
workers  have  employed  many  kinds  of  buffer  on  Si  substrates,  such  as 
SiC,  AlO  and  GaAsect.  In  this  study,  AIN  self- assembled  quantum 
dots  (QDs)  with  a  high  density  of  'w  4.4  Xl010/cm2on  Si(lll) 
substrates  have  been  grown  by  low-pressure  chemical  vapor  deposition 
(  using  Em  core  D125  system)  under  a  very  low  V/III  ratio  of  350.  We 
found  that  using  AIN-QD/AIN  buffer  high  quality  2"  GaN  epilayers 
without  cracks  were  grown  even  when  the  epilayer  thickness  reached 
to  3  micro.  The  successful  growth  of  the  large  area  crack-  free  GaN 
over  Si  substrates  can  be  attributed  to  the  stain  relaxation  by  the 
underlying  AIN  QDs.  The  quality  and  morphology  were  investigated 
l>y  atom  force  microscopy,  tran.smtssion  electron  microscopy,  high 
resolution  X-ray  diffraction  and  optical  microscope. 

Y10.37 

Lateral  Ovori^rowth  of  in  situ  SiN  Masks  for  Low  Dislocation 
Density  GaN  on  Sapphire.  Till  Riemann*.  Juergen  Christen*, 

Z.solt  Makkai^,  Bela  Pcc2*,  Eric  Frayssinet^,  Bernard  Beaumont**, 
Jean-Piorre  Faurie'^  and  Pierre  Gibart**;  *  Institute  of  Experimental 
Physics,  Otto- von-Guericke-University,  Magdeburg,  Germany; 

‘Research  Institute  for  Technical  Physics  and  Materials  Science, 
Hungarian  Academy  of  Sciences,  Budapest,  Hungary;  **Lumilog, 
V'’allauris,  FVance. 

For  GaN  growth  on  foreign  substrates,  a  strong  reduction  of 
dislocation  density  is  possible  by  masking  techniques,  e.g.  Epitaxial 
Lateral  Overgrowth  (ELO)  or  Pendeo  Epitaxy.  However,  these 
techniques  suffer  from  exsit u  lithography  steps.  Additionally,  highly 
<lefective  coalescence  boundaries,  which  are  typical  for  these  methods 
make  device  technology  difficult.  An  alternative  approach  [1]  involves 
tnsttn  SiN  micro-masking,  which  completely  eliminates  these 
problems  and,  if  properly  optimized,  leads  to  similar  results  as  for 
siato-of-lhc-art  ELO  material.  We  present  Ultra  Low  Dislocation 
density  (ULD)  GaN  layers  obtained  by  Metal  Organic  Vapor  Phase 
Fipitaxy  (MOVPE).  For  these  layers,  siliconnitride  is  insitu  deposited 
prior  to  the  growth  of  the  low  temperature  GaN  buffer  on  sapphire 
substrate,  leading  to  amorphous  SiN  islands  of  20-40  nm  lateral 
extension  and  20nm  height.  This  process  induces  a  .3D  nucleation  at 
Hie  early  stages  of  GaN  growth  and  is  comparable  with  an  ELO 


process  on  a  random  mask  pattern.  Cross-sectional  spectrally  resolved 
Cathodoluminescence  Microscopy  (CL)  clearly  visualizes  a 
self-organized  growth  mechanism  similar  to  two-step  ELO  on  stripe 
masks.  The  initial  part  of  the  MOVPE  sample,  which  corresponds  to 
lateral  growth  and  coalescence  of  the  randomly  distributed  GaN 
islands,  exhibits  a  weak  peak  due  to  the  acceptor- bound  exciton  and 
dominant,  slightly  broadened  (D®X)  emission  (FWHM=4  meV), 
which  is  also  characteristic  for  the  laterally  grown  regions  of  standard 
MOVPE-ELO.  As  in  ELO,  a  strong  lateral  bending  of  threading 
dislocations  (TDs)  is  visible  in  CL  and  directly  evidenced  by 
TVansmission  Electron  Microscopy  (TEM).  Following  the  transition 
from  lateral  to  overall  (OOOl)-growth,  the  upper  part  of  the  GaN  layer 
exhibits  sharp  (D®X)  luminescence  (FWHM{2.5  meV)  and  a 
significant  contribution  of  the  free  exciton,  proving  its  excellent 
optical  quality.  At  the  sample  surface,  the  TD  density  is  well  below 
10**  cm”***  for  fO/iiii  thirk  lay<‘?-.H  a.s  iiKU'pon<ienl.Iy  m<-u.sitrfrl  l»y  Atomi** 
l  orcc  Microscopy,  <tL,  an<l  'I’EM.  [1]  S.  Ilalfouz,  11.  Lahrcclic,  P. 
Vennegucs,  B.  Beaumont,  F.  Omnes,  and  P.  Gibart,  Appl.  Phvs.  Lett, 
73,1278  (1998). 
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Effects  of  Misorientation  and  Step  IVeatment  of  Sapphire 
Substrate  on  the  Electronic  Properties  of  AIGaN /GaN 
Heterostructnre.'<.  Scongwoo  Ki>u*,  Toshimasa  Suzuki*  and 
Kazuhiro  llaga'^'*;  'Sy.stcm  riiigin,,  Nippon  In.sl.ituir  of 'I’echnology, 
Miyashiro,  saitama,  Japan;  ^'IVchnicai  Div.,  CHIOHIBU  FUJI  C-o., 
Ltd.,  Ogano,  Saitama,  Japan. 

AlGaN/GaN  field  effect  transistors  (FETs)  had  recently  been 
attracting  much  attention  because  of  their  promising  uses  for 
high-voltage,  high- power,  and  high-temperature  microwave 
applications.  Wo  report  the  growth  and  characterization  of 
AIG'aN(.3(liwii)/(  hiN(3/(m)  lM-l.«-rostnicl.mvs  grown  .simull  aiifoiisly  on 
three  tyiie.s  of  sapphire  siilistrales  in  a  mniti-warer  rotating  disc 
low-pressure  MO<.-VD  system  (EMCORE  0-125),  'I’hree  .substrates 
were  used,  one  of  which  was  exact  c-plane  sapphire,  the  rest  two  were 
misoriented  0.15®  from  the  c-plane  sapphire  with  and  without  step 
treatment.  X-ray  diffraction  (XRD)  measurement  indicated  that  the 
A I  composition  of  all  thr<*e  samples  was  15%,  X-ray  rocking  curves 
(XRC)  for  both  symmetrical  and  asymmetrical  reflections  were 
applied  to  evaluate  the  crystal  quality  of  AlGaN/GaN 
heterostructures.  The  FWHM  values  of  symmetrical  (002)  reflection 
did  not  show  significant  difference.  On  the  other  hand,  those  of 
asymmetrical  (102)  reflections  decreased  from  604  arcsec  for  c-plane 
sapphire  to  557  arcsec  for  misoriented  0.15®,  and  to  530  arcsec  for 
step-treated.  Scanning  laser  microscopy  (SLM)  was  used  to  observe 
small  pits,  which  seemed  to  be  corresponded  to  the  threading 
dislocations  of  AIGaN /GaN  heterostructures.  The  density  of  the  pits 
on  c-plane  sapphire,  on  mi.soriented  0.15®  and  on  step-treated  were 
1.2X10*,  l.lXio*and  8. .3X10'  cm"*,  respectively.  Finally  room 
temperature  Hall-effect  measurement  was  performed  to  measure  the 
electron  mobility.  The  electron  mobility  on  c-plane  sapphire  was  1200 
cm*/ Vs  and  that  on  misoriented  0.15®  substrate  was  increased  to 
1400  cm*/Vs.  The  electron  mobility  on  step  substrate  was  further 
improved  to  as  high  as  1550cm*/ Vs,  Sheet  carrier  density  for  this 
sample  was  8.0X  10**cm"*.  As  a  summary,  it  was  found  that 
misorientation  and  step  trejitment  decrease  the  density  of  threading 
dislocation  improving  crystallinity  of  AlGaN/GaN  helerostructures, 
resulting  in  the  higher  electron  mobility. 

Y  10.39 

MOCVD  AIGrN/GrN  HFET'S  Material  Optimization  and 
Devices  Characterization.  Alexander  V.  Demchuk.  Don  Olson, 

Dan  Olson,  Minseub  Shin  and  Gordon  Munns;  APA  Optics,  Inc., 
Blaine,  Minnesota. 

A  novel  buffer  layer  structure  has  been  investigated  in  order  to 
improve  the  planarity  and  to  reduce  the  defect  densities  at  the 
channel  of  an  AlGaN/GaN  heterostructure  field  effect  transistor 
(HFBT).  This  method  employed  multi- AIN  buffer  layers  and 
intermediate  AlGaN/GaN  superlattices.  A  custom  built,  inductively 
heated  low-pressure  MOCVD  system  has  been  used  to  growth  highly 
uniform  AlGaN/GaN  heterostructure  on  (0001)  sapphire  or  6H-SiC 
(0001)  two-inch  substrates.  Grazing  incidence  x-ray  reflection 
(GIXRR)  was  used  to  evaluate  the  planarity  of  the  channel 
heterointerface.  These  results  were  compared  with  atomic  force 
microscopy  (AFM)  results  and  etch  pit  density  studies  of  the  material 
and  confirm  a  consistent,  significant  improvement  in  the  root  mean 
squared  (RMS)  surface  roughness  when  this  method  is  employed. 
Devices  on  both  sapphire  and  silicon  carbide  have  been  grown  and 
processed.  Hall  measurements  of  samples  grown  on  sapphire 
substrates  yielded  mobilities  as  high  as  2100  cm2/Vs  at  the  sheet 
carrier  density  (ns)  of  1.0x1013  cm-2  and  2250  cm2/Vs  and 
nss  1.2x1 013  cm-2  on  silicon  carbide  substrates  accordingly.  A 
significant  dependence  in  the  mobilities  and  carrier  density  on  the 
growth  temperature  has  been  revealed.  The  trend  likely  reflects 
changes  in  the  planarity  of  the  heterointerface  direfcl.ly  related  to  the 
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growth  t<»mporatiir<',  'I'lic  IX  <  characteristics  of  the  devices  showed 
Irniiscondiietaiuv.s  itiS/iiiiu  for  a  gate  length  gr»*nl»T  < Inin  2 

microns.  Hrsiilts  on  short /t  gate  length  <levices  also  will  he  presented. 

Y10.40 

Epitaxial  growth  of  group  III  nitrides  on  silicon  substrates  via 
a  reflective  Inttice-niatclied  zirconium  dihoride  buffer  layer. 
John  "rollr^,  H.iulek  Houcka* ,  <  lole  Hitter^,  IVter  (’rozler^,  Andrew 
Chizmeshya*^,  Ignatius  Tseng'  and  John  Kouvetakis^;  ‘Physics  and 
Astronomy,  Arizona  State  University,  Gilbert,  Arizona;  ^Chemistry 
and  Biochemistry,  Arizona  State  University,  Tempe,  Arizona;  *^Cenior 
for  Solid  Slate  Science,  Arizona  .State  University,  fJilIxTt,  Arizona, 

Growth  of  metallic  and  reflecting  ZrB2  films  is  conducted  on  Si(lll) 
substrates  at  900  using  a  single-source  unimolecular  precursor 
ZrfBHH)^  in  a  molecular-beam  epitaxy  chamber.  Epitaxial  growth  of 
ZrB2(0001)  is  accomplished  despite  the  very  large  lattice  mismatch 
between  ZrB2  and  Si(ni).  High-resolution  cross-sectional 
transmission  electron  micro.scopy  images  of  the  sharp  ZrB2/Si{lll) 
interface  show  a  heteroepitaxial  relationship  involving  a  "magir 
mismatch”  of  coincidence  lattices.  The  GaN  films  grown  on  th»' 

1 1)  templatf  i?<  virtually  homoepitaxy  because  of  tin-  v<-ry 
small  lattice  mismatch,  0.0  %,  between  the  in-plane  lattice  parameters 
of  ZrB2(0001 )  an<l  flaNfOnoi ).  The  reflective  nature  of  ZrB2  surface 
presents  an  adderl  a<l vantage  to  optoelectronic  applications  of  the  111 
nitri<les  grown  on  Si. 

Y10.41 

Arsenic  Incorporation  Dohavior  in  Nitrogen-rich  GaNAs 
All(»ys  Syiitlicsizccl  by  Mctalorgaiiic  Chcniical  Vapor 
Deposition  (MOCVD).  Maria  Gherasimova* .  R.  G.  Wheeler^,  J. 
Ilan',  L.  J.  Guido*’,  K.  L  Chang**  and  K.  C.  Ilsich*;  'Electrical 
Engineering,  Yale  University,  New  Haven,  Connecticut;  ^Applied 
Physics,  Yale  University,  New  Haven,  Connecticut;  ^Materials  Science 
and  Engineering,  Virginia  Tech,  Blacksburg,  Virginia;  ‘‘Electrical  and 
('omputer  Engineering,  University  of  Illinois,  Urbana,  Illinois. 

Group  lll-niirido  alloys  with  mixing  on  the  anion  sublattice,  such  as 
GaNAs,  recently  attracted  considerable  attention.  Theoretical 
predictions  of  direct  band  gap  over  the  entire  composition  range, 
combined  with  anticipated  deep  band  offsets,  make  these  materials 
<h\«?iral>lo  for  a  numhor  of  potential  optoelectronics  applications. 
Successful  incorporation  of  nitrogen  in  GaAs  matrix  and  isoeicctronic 
<loping  of  GaN  with  arsenic  have  been  demonstrated  and  studied  by 
several  groups.  On  the  other  hand,  higher  levels  of  arsenic 
incorporation  in  nitrogen-rich  GaNAs  are  less  thoroughly  inve.stigated 
due  to  a  significant  mi.scihility  gap  in  the  GaNAs  sy.sieni.  In  tfie 
pre.v'iil  work,  honiogrtu'oiis  GaNAs  alloy  films  ronf.aiiting  3  to  A 
pt*r<’<*nt  of  arsenic  union  fraction  were  grown  on  GaN  U'mplate.s  by 
MOCVD  at  700  (  ^  Composition  and  structure  of  the  films  were 
characterized  by  electron  probe  microanalysis  (EPMA),  transmission 
electron  microscopy  (TEM),  and  x-ray  diffraction  (XRD).  Some  of  the 
ternary  GaNAs  films  were  subjected  to  a  post-growth  annealing  at 
1000  C  in  nitrogen  ambient  and  compared  to  as-grown  material.  Due 
to  the  metastable  nature  of  GaNAs  ternary,  annealing  resulted  in  the 
precipitation  of  binary  GaAs  inclusions  of  several  nanometers  in  size 
embedded  in  the  nitrogen-rich  GaN(As)  matrix.  These  quantum  dot 
features  were  observed  by  the  cross-sectional  TEM  imaging,  and 
identified  by  the  characteristic  GaAs  peaks  in  the  transmission 
electron  diffraction  patterns.  On  the  other  hand,  as-grown  GaNAs 
films  exhibited  no  evidence  of  binary  phase  segregation.  Band  gap 
reduction  due  to  alloying  was  observed  by  the  optical  transmission 
measurements,  leading  to  an  estimate  for  the  bowing  parameter  of  25 
eV  in  the  films  with  the  arsenic  content  of  3.5  %  -  in  keeping  with  the 
theoretical  prediction  of  Bellaiche  et  al.  (Phys.  Rev.  B  v.  54,  p.  17568 
(llKMl))  of  a  significant  <lrgrvo  of  band  gap  bowing  in  nitrogon-rich 
(JaNAs  alloys. 

Y10.42 

A  8tu<ly  of  the  elemental  interdiffuaion  in  GaN/Si  wafer 
grown  by  nietalorgaiiie  vapor  phase  epitaxy.  Xianfeng  Chon' , 
Masaynsu  Isltiko'.  Yousuke  Kuroiwa’  and  Nobuhiko  Sawaki*;  'Toyota 
Gentral  HiVD  Labs.  Inc.,  Nagakute-cho,  Japan;  ^Nagoya  University, 
Nagoya, 

In  order  to  fabricate  high  qualified  photonic  and  electric  devices  based 
on  GaN/Si  material  with  vertical  structure,  a  good  understanding  of 
the  hetero- interfaces,  especially  the  epitaxial  film/Si  interface,  in  the 
wafer  is  necessary.  Secondary  ion  mass  spectrometry  (SIMS) 
investigation  on  GaN /n- Si  samples  grown  by  metalorganic  vapor 
pha.se  epitaxy  (MOVPE)  reveals  a  temperature  dependence  of 
interdiffusion  at  the  epitaxial  film/substrate  interface.  Increasing 
growth  temperature  will  increase  the  penetration  depth  of  high  Al 
concentration  region  in  the  substrate,  which  might  result  in  an 
inadvertent  junction  in  the  n-Si.  Photocurrent  spectroscopy 
measurer  |ent  on  the  sample  shows,  when  a  light  with  energy  lower 
than  the  GaN  bandgap  is  incident  on  the  sample  from  the  GaN  side,  a 


current  flowing  from  tlu*  Si  side  to  the  GaN  side  occurs  under  zero 
bins  voltng**.  It  iiidK'nt**H  flint  tin-  |iet^*ro-#*|)itaxy  growth  brings  nn 
internal  rh  ^  tru-  li*  ld  into  tin*  original  ntitrorinly  <lop»  d  ii  typ**  Si(  1 1 1 ) 
substrate.  'I'he  current  <lirection  decides  that  conduction  band  is 
bending  upward  at  the  epitaxial  film /substrate  interface  in  the  silicon 
region,  which  is  well  consistent  with  the  result  of  the  elemental 
interdiffiision  ob.s*‘rvw|  from  SIMS  measurement, 

Y10.43 

Growth  and  Cliaractorizatinii  of  AIN  and  GaN  Thin  Films 
Deposited  with  Al  Pre-Flows  <>n  Si(lll)  Snhstrates. 

/.  J.  K<;itm«’i*T  aiKl  R.  P.  Davis;  Matf*rials  Sri<*n*'*«*  an/l  KngiiuTi'ing, 
North  Garolina  Stat<-  nnivfrsity,  Raleigh,  North  (Wolina. 

AIN  films  and  GaN  films  with  AIN  buffer  layers  were  deposited  on 
Si(l  11)  substrates  via  metalorganic  vapor  phase  epitaxy  using  varying 
times  of  Al  pre-flow.s  prior  to  AIN  growth.  Atomic  force  microscopy 
(AFM)  was  u.sed  to  determine  the  influence  of  Al  pre-flow  time  on  the 
nucleation  and  surface  morphology  of  the  AIN  and  GaN  films.  When 
preceded  by  a  10  second  Al  pre-flow,  AIN  films  feature  an  increased 
and  more  uniform  nue|<-ation  density  as  co!npar<*d  to  films  d<‘posit<'<l 
without  A I  pre- flows.  'IV-n  secoiul  A I  pre-flows  were  also  fomid  to 
result  in  a  reduction  of  the  RMS  roughness  for  100  nin  thick  AIN  films 
from  2.7  nm  to  0,0  nm.  AFM  of  0.5  /im  thick  GaN  films  dcpo.sited  on 
AIN  hufhTs  with  varying  pre-flow  times  show<?d  reclneed  roughm«.ss 
and  decrease<l  pit  <lensity  when  using  Al  pre- flows  of  10  or  20  seconds, 
High  resolution  x-ray  diffraction  of  the  GaN  films  showed  a  reduction 
in  the  average  full-width  half-maximum  (FWHM)  of  the  GaN  (00,2) 
reflection  from  1 100  arc.scc  to  870  arcsec  when  the  AIN  buffer  layer 
was  initiated  with  a  10  s<‘Cond  Al  pre-flow.  Increasing  the  pre-flow 
time  to  20  seconds  and  30  seconds  resulted  in  average  (00.2)  FWIIM 
valmrs  of  980  arc.sec  and  1570  arcsec  respectively.  Similar  behavior  of 
the  peak  widths  was  ob.served  for  the  (30.2)  and  (10.3)  reflections 
when  the  pre-flow  times  were  varied  from  0  to  30  seconds. 

Y  10.44 

Effects  of  Cu-ioti  implantation  into  epitaxial  (GatAI)N  films 
l^own  by  metalorganic  vapor  deposition.  Zhe  Chuan  Fong' ,  D. 
Mehta',  Paid  D.  Helm',  David  Nicol',  Ian  Ferguson',  Jayantha 
Senawiratne*  and  Nikolaus  Dietz^;  'Electrical  &  Computer 
Engineering,  Georgia  Institute  of  Technology,  Atlanta,  Georgia; 
^Physics,  G»‘orgia  State  University,  Atlanta,  Georgia. 

Ion  implantation  of  copper  into  a  variety  of  epitaxial  GaN,  AIN  and 
AIGaN  films  grown  on  sapphire  by  Metalorganic  Chemical  Vapor 
Deposition  (MO<!VD)  has  been  perfonnod.  Secondary  ion  mass 
spec! ro.scopy  (SIMS)  <l;\ta.  similar  to  th<^  theoretical  simulation, 
sliowed  tin*  ( ’ii-iint>lants  to  have  maxiiniim  concentration  values  of 
about  1E18  per  eubie  oentinuder  near  1(K)  nm  and  continue  to  a  depth 
beyond  350  nm  with  an  implantation  energy  of  280  keV  at  both  room 
temperature  and  375  C.  High  resolution  X-ray  diffraction  (HR-XRD), 
Raman,  and  Fourier  transform  infrared  (FTIR)  spectroscopy  were 
used  to  characterize  the  crystalline  damages  and  structural  variation 
of  nitrides  due  to  Cu-implantation  and  the  recovery  from  the 
subsequent  high  temperature  (700-900  C)  annealing.  FVom  XRD 
(0004)  2Thcta-OiTiega  pattern,  Cu-implanted  GaN  exhibited  an 
additional  band  at  <n*0.43  degree  below  the  GaN  (0004)  peak,  while  it 
disappeared  after  rapid  thermal  annealing  (RTA)  at  700  C.  Raman 
and  FTIR  data  indicated  amorphalization  due  to  Cu-implantation, 
and  crystalline  structure  recovery  after  RTA,  UV- visible  transmission 
measurements  revealed  two  absorption  bands  in  AIN  due  to 
Cu-implantation,  located  at  ^  1.5  and  2.8  eV  below  the  AIN  band 
edge  absorption  at  6.2  eV.  An  absorption  band  from  Cu-implanted 
CaN  and  AIGaN  (15%)  is  found  at  ->-0,69  eV  and  -^-0.73  eV, 
re.spectively,  below  their  corresponding  band  gaps.  Low  temperature 
photoliimincscenco  (PI/)  for  Ou-implanted  and  annealed  GaN  showed 
the  effect  of  cry.st  alliiie  damage  due  to  the  Cu-implantation  and 
recovery  of  GaN  features.  The  donor- acceptor  pair  (DAP)  features  are 
observed  below  3.35  eV  and  their  intensities  are  varied  with  the 
annealing  temperature.  Discussion  is  given  in  comparison  with 
Cu-implantation  into  GaAs  performed  in  early  years. 

Y10.45 

Real-Time  Optical  Monitoring  of  InN  Gas  Phase  Kinetics  at 
Elevated  Pressures.  Nikolaus  Dietz.  Harald  Born,  Martin 
Strassburg  and  Vincent  Woods;  Physics  &.  Astronomy,  Georgia  State 
University,  Atlanta,  Georgia. 

Gaining  insides  in  the  growth  kinetics  of  nucleation  and  coalescence  of 
heteroepitaxial  thin  films  is  crucial  for  controlling  a  chemical  vapor 
deposition  process,  since  it  defines  the  perfection  of  the 
heteroepitaxial  film  both  in  terms  of  extended  defect  formation  and 
chemical  integrity  of  the  interface.  The  here  presented  research 
focuses  on  the  real-time  optical  monitoring  of  gas  phase-  and  surface 
chemistry  processes  during  the  heteroepitaxial  nucleation  and  growth 
of  InN  layers  on  sapphire  substrates.  A  high  pressure  chemical  vapor 
deposition  HPCVD  reactor  with  integrated  optical  diagnostics  to 
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monitor  in  real-time  gas  flow  dynamics,  gas-phase  decomposition 
kinetics,  and  the  film  growth  process  itself,  is  used  o  study  the  growth 
process  at  elevated  pressures  from  1  bar  up  to  100  bar.  These 
experimental  data  are  of  crucial  importance  to  provide  (a)  input 
para?netcr  for  process  models  and  simulation  codes,  and  (b)  est  ablish 
growth  parameter  sets  nee<lcd  for  analysis  and  control  of  chctnical 
vapor  deposition  at  elevated  pressure.  Data  are  presented  for  the 
optical  methods  of  real-time  process  monitoring  to  analyze  the  initial 
stages  of  heteroepilaxy  and  steady-state  growth  in  the  different 
pressure  ranges. 


Y  10.40 

A  Compositional,  Structural,  and  Optical  Study  of  HVPE 
and  MOeVD  Al.t.Gai»,N  Films  Grown  on  Sapphire  (0001) 
Substrates.  Albert  V.  Davydov \  William  J.  Boettinger*,  Lawrence 
II.  Robins*,  Alexander  J.  .Shapiro*,  Norman  A.  Sanford^,  Mohamed 
K1  Bouanani*'*,  Denis  V.  Tsvetkov®,  Vitali  A.  Soukhoveev®,  Stacia 
Keller'*,  Umesh  K.  Mishra^,  Steven  P.  DenBaars"*,  Christine  Russell* 
and  Simon  Bates*;  *MSEI>,  NIST,  Gaithersburg,  Maryland;  ^EEEL, 
NIST,  Boulder,  Colorado;  *Dept.  of  Materials  Science,  University  of 
North  Texas,  Denton,  Colorado;  ^Electrical  and  Computer 
Engineering  Dept.,  University  of  California,  Santa  Barbara, 
California;  *Bede  Scientific,  Inc.,  Englewood,  Colorado;  ®TDI,  Inc., 
Silver  Spring,  Maryland. 


A  stn<ly  was  p^rfornn-d  of  compositional,  structural,  aiifl  optical 
prop»Ttl»'H  of  Al,,.< hij _,,.N  lilm.s  grown  by  MfX'VD  and  IIVI*K  on 
((tool)  sapphire.  'Pile  Al  mole  fractions  of  the  films  were  determine<l 
independently  by  EDS  and  by  RBS  compositional  analysis.  The  'a’ 
and  ’c’  lattice  parameters  and  the  strain  state  were  measured  by  high 
resolution  X-ray  diffraction.  Stress-free  values  of  the  ’a’  and  ’c’  lattice 
parameters  were  derived,  and  shown  to  have  a  non-linear  dependence 
on  Al  fraction.  The  deviation  from  Vegard's  law  may  be  explained  by 
the  thermodynamics  of  the  AL-Cai.^-N  alloy  system.  Prism-coupled 
wavegnid|‘  analysis,  in  conjunction  with  spectroscopic 
transmission/rcflection,  led  to  the  derivation  of  Sellmeier  cqtiaiiotis 
for  the  ordinary  refractive  Index  (from  0.5  eV  to  the  band  gap)  and 
extraordinary  index  (1.16  eV  to  2.8  eV).  The  EDS  and  RBS  data 
enable  accurate  correlation  of  the  refractive  index  and  other  optical 
properties  with  Al  fraction.  TVansmission/refiection  and 
catluxiolitminescenco  measurements  show  that  the  room  temperainre 
band  gap  has  a  nonlin«‘ar  dependence  on  A I  fraction,  with  a  quadratic 
(bowing)  parameter  of  approximately  -1.3  e'V.  Prom  comparison  of 
roorn-temperature  and  low- temperature  cathodoluminescence,  the 
band  gap  increases  by  0.05  eV  or  less  from  298  K  to  15  K.  Large 
sample-to-sainple  variations  were  observed  in  the  low- temperature  CL 
lineshape,  suggesting  a  strong  influence  of  film  growth  conditions  on 
alloy  fluctuations,  residual  strain,  and/or  defect  content. 

Y10.47 

Recomhinatioit  Related  to  the  Two-Dimensional  Electron  Gas 
of  AlxGal-xN/GaN  Single  Heterostructures  Studied  with 
Picosecond  Timc-Rosolvcd  Plioioluminescence.  Qing  Yang*'^, 
Rob  Armitagc*’®,  Jonathan  Lim*’®,  Eicke  R.  Weber*'®,  Ronald 
Birkhahn*,  David  Gotthold*,  Shiping  Guo^  and  Brian  Albert*; 

*  Department  of  Materials  Science  and  Engineering,  University  of 
California  at  Berkeley,  Berkeley,  California;  ^Materials  Sciences 
Division,  Lawrence  Berkeley  National  Laboratory,  Berkeley, 

Califortiia;  *Emcoro  Corporation,  Somerset,  New  Jersey. 

Near  bandgap  radiative  recombination  in  unintentionally  doped 
AIxGal-xN/GaN  (x=0.28  to  0.35)  single  hetero.structurcs  grown  by 
mctalorganic  chemical  vapor  deposition  is  investigated  using 
picosecond  time- resolved  photoluininescence.  Hall  effect  measurements 
at  295K  show  both  high  sheet  carrier  concentrations  (^101*3  cm-2) 
and  high  mobilities  (  80^1  to  1304  cm2/V3),  suggesting  the  formation 
of  a  two-dimensional  electron  gas  (2DEG)  at  the  heterointerface.  The 
luminescence  decay  of  the  3.481  eV  emissions  at  llK,  which  are 
usually  assigned  to  the  donor- bound  excitons  in  GaN,  is  composed  of 
two  stages  that  are  separated  for  about  300  ps  and  with  distinctly 
different  decay  lifetimes.  In  addition,  the  second  stage  is  saturated  at 
high  excitation  power  and  slightly  red  shifted  with  time.  Samples  of 
higher  Al%  also  show  luminescence  in  the  spectral  range  of  .3.44  eV  to 
3.45  eV  with  silimar  slow  capture  and  decay  behaviors  as  the  second 
stage  of  the  3.481  eV  emission.  The  observed  emissions  are  explained 
by  recombination  processes  involving  the  2DEG  at  the  heterointerface. 

Y10.48 

Gain  Characteristics  of  IiiGaN/GaN  Quantum  "Well 
Structures  with  Various  Silicon  Doping  Conditions. 

Yung-Chen  Cheng*,  En-Chiang  Lin®,  Hsiang-Chen  Wang*,  C.  C. 

Yang'*®,  Kung-Jen  Ma*,  Chang-Chi  Pan^  and  Jen-lnn  Chyi"*;  *In.st. 
Electro- Optical  Eng.,  National  Taiwan  University,  Taipei,  Taiwan; 

Inst.  Electronics  Eng.,  National  Taiwan  University,  Taipei,  Taiwan; 
*Dept.  Mechanical  Eng.,  Chung  Hua  University,  Hsinchu,  Taiwan; 

Dept.  Electrical  Eng.,  National  Central  University,  Chungli,  Taiwan. 


Silicon  doping  in  InGaN/GaN  quantum  wells  (QWs)  has  been  wildly 
used  in  fabricating  high  performance  light  emitting  devices.  With 
silicon  doping,  the  effects  of  growth  mode  change,  microstructure 
alternation,  potential  fluctuation  reduction,  strain  relaxation,  and 
piezoelectric  field  screening  have  been  reported.  However,  most 
previous  studies  of  silicon  doping  effects  focused  on  the  .samples 
emitting  pnrple-blue  photon.s.  ll.sually,  it  is  diffieult  to  achieve 
uniform  InGaN  alloy,  particularly  with  high  indium  contents.  This  is 
so  due  to  the  solid  phase  immiscibility  and  phase  separation,  which 
stems  from  the  large  lattice  constant  mismatch  between  GaN  and 
InN.  In  this  paper,  we  report  the  characteristics  of  stimulated 
emission  (SE)  or  gain,  of  high  indium  (in  the  green  range) 
InGaN/GaN  QWs.  The  results  of  relatively  low-indium-content  QWs 
were  compared  to  show  the  effects  of  indium  content  variation.  In  our 
results,  only  the  sample  of  high-indium  and  barrier  doping  shows  the 
multi-peak  SR  feature  that,  i.s  quite  different  from  previously  reported. 
The  SE  spectra  of  the  un-doped  and  well-doped  samples  of 
high- indium  content  show  only  two  peaks.  In  the  low-indium  content 
samples,  the  SE  peaks  appear  on  the  high-energy  side  of  PL  spectra 
that  can  be  explained  with  the  emission  from  the  carriers  confined  in 
the  localized  states  of  indium-rich  clusters.  In  our  previous  studies,  it 
has  been  found  that  silicon  doping  in  InGaN/GaN  QWs  could 
strongly  affect  the  nano-structures.  In  particular,  quantum-dot-like 
structures  could  be  formed.  Such  a  phenomenon  was  especially  clear 
in  barrirr-dopo<l  satnph’.s.  'riicroforo,  wo  may  intorprot  iho  niull.i-poak 
foaturo  of  SE  in  tlx-  higli-indinm  bnrrior-dopod  s.ainplo  as  Mio 
contribut  ions  of  <|nantizf‘<l  .stal.os  in  <{iiant(im  <lot.s  of  <liir«‘iviit  siz**s, 
compositions,  or  sliapos.  Hence,  the  observed  peak  merging  behavior 
when  temperature  was  raised  can  be  explained  as  the  re-distribution 
of  thermal  carriers  among  different  energy  levels  and  neighboring 
locations  of  different  potential  minima. 

Y10.40 

Novel  Method  for  the  Aetivatioii  of  Acceptor  Dopaiit  in  AIN 
lutrodiicing  Localized  Dtuid  by  Isoelcctroiiic  Dopant. 

Toshiyuki  Takizawa,  Semiconductor  Device  Research  Center, 
Matsushita  Electric  Industrial,  Co.,  Ltd,  Osaka,  Japan. 

Controlled  p-type  doping  into  nitride  semiconductors  is  crucial  for  the 
development  of  optoelectronic  devices.  In  this  study  we  propose  a 
novel  method  to  activate  acceptor  dopant  in  AIN  by  introducing 
isoelectronic  dopant,  and  have  theoretically  demonstrated  using 
first-principles  method.  The  acceptor  dopant  in  AIN  makes  deep 
acceptor  level  (more  than  100  meV)  and  generates  few  hole  carriers 
into  the  valence  band  because  of  large  affinity  of  N.  On  the  other 
hand,  incorporation  with  gronp-V  isoelectronic  dopant  (P,  As  and  Sb) 
that  has  small  affinity  compared  with  N  into  AIN  makes  localized 
band  upward  the  valence  band  maximum  (VBM),  and  its  energy  offset 
from  VBM  is  higher  than  that  of  the  acceptor  level.  When  both 
acceptor  dopant  and  isoelectronic  dopant  are  incorporated  Into  AIN, 
holes  created  by  acceptor  dopant  can  be  easily  activated  by  small 
affinity  of  isoelectronic  dopant,  and  can  move  in  the  localized  band. 

We  have  verified  this  novel  j>-type  material,  Mg-doped  AIN:V  (V=P 
or  As),  using  first-principles  pseudopotential  method.  256  supecells 
are  employed  in  this  study.  As  a  calculation  result,  incorporation  of  P 
(less  than  6.25  %)  and  As  (less  than  1.56  %)  makes  localized  band 
upward  VBM  of  AIN,  and  moreover  the  energy  offset  of  localized  band 
approximately  corre.sponds  to  VBM  of  GaN  (-8.37  eV).  The 
incorporation  of  acceptor  dopant  Mg  into  AiN:V  decreases  the  Fermi 
level  from  -8.23  eV  to  -8.33  eV,  whereas  the  conventional  Mg-doped 
AIN  still  has  a  deep  acceptor  level.  Accordingly  hole  concentration 
drastically  increa.scs  in  tlx*  lo^-alized  band  and  can  be  offoctivoly 
injected  Into  VBM  of  GaN.  Consequently  novel  p-type  material, 
|>-AIN:V,  is  very  effective  to  inject  hole  current  into  VBM  of  GaN. 

The  author  acknowledges  Prof.  James  S.  Harris  at  Stanford  University 
for  use  of  first-principles  programs. 

Y10.50 

In-si tu  real  time  characterizations  of  long-range  and 
short-range  surface  morphology  change  during  ion  beam 
assisted  epitaxy  of  GaN.  Bentao  Cui*‘®  and  Philip  I  Cohen®'*; 
*CBMS,  University  of  Minnesota,  Minneapolis,  Minnesota;  ®ECE, 

Univ  of  MN,  Minneapolis,  Minnesota. 

Periodic  patterns  have  been  induced  by  low-energy  ion  bombardment 
[1].  In  the  current  work,  in-situ,  real-time  light  scattering,  combined 
with  Reflection  High  Energy  Electron  Diffraction  (RHEED),  were 
used  to  study  the  evolution  of  the  surface  morphology  of  GaN  during 
ion  beam  assisted  MBE  growth.  Ga  was  provided  by  a  thermal 
effusion  cell;  ammonia  was  used  a.s  the  nitrogen  source.  A  hot-filament 
Kaufman  ion  source  was  used  to  supply  sub-KeV  ion  beams.  Sapphire 
and  MOeVD  GaN  templates  were  used  as  the  substrates.  A 
Desorption  Mass  Spectrometer  (DMS)  was  used  to  calibrate  the 
growth  temperature.  Before  growing  GaN,  the  sapphire  substrates 
were  pretreated  in  an  ion  flux  and  then  annealed  for  cleaning.  The 
sapphire  surface  was  then  nitrided  in  ammonia  at  HOOK  for  about  10 


657 


mill  Ali**i‘  nit I'iilht lull,  u  tlmi  (inN  l»u(IVr  liiy»*r  wn«  Ky  n 

of  n«lNor|iti«in  lunl  hiin<‘nliiig  ntri'iH  Diiriitf^  iIh-  ^rowlh,  ihf 
filiorl *1*1111  mi rfni’n  nittrplmlugy  and  {)lin  <|imlily  wrfr  m<iitiit»r<*<)  in 

Jiitn  by  RHRKD.  In  a  roal-iiinc  way,  the  long-range  surface 
morphology  was  monitored  in-situ  by  light  scattering  technique. 
Photodiode  detector  and  CCD  camera  were  used  to  record  the 
reflected  light  scattering  intensity  and  spectra  profile  respectively.  A 
grating-patterned  (laN  was  used  first  to  study  the  ion-l>oinl>ar<lmrnt 
effects  on  periodic  surface  morphology.  Preliminary  results  showe<l 
that  the  light  scattering  reflection  beam  intensity  decrease  when 
annealing  at  950K.  After  20  min  500  eV  Ar  ion  bombardment  from  a 
glancing  angle,  the  (01)  reflection  beam  intensity  increased  by  50%, 
while  the  specular  beam  intensity  decreased  by  50%.  Roughness 
parameters  such  as  interface  width,  lateral  correlation  length,  ami  th^ 
roughness  exponent,  can  be  extracted  from  the  light  scattering 
profiles  and  will  be  compared  to  that  obtained  from  AFM.  Partially 
supported  by  the  National  Science  Foundation  and  the  Air  Forc»- 
Office  of  Scientific  Research.  1.  J.  Krlcbacher,  M.  J.  A7.i'/,  Iv  f  ’hason, 
M.  B.  Sinclair,  and  J.  A*.  Floro,  Phys.  Rev.  Lett.  82,  2330  (1008);  J. 
Briebacher,  M.  J.  Azix,  B.  (Jliason,  M.  B.  Sinclair,  and  J.  A.  Floro, 
Phys.  Rev.  Lett.  84,  5800  (2000) 

YlO.Gl 

Daiul  offset  iiicamircinoiits  of  the  GaN(0001)/Hf()2  interface. 
<J.  (y.  Fulton^.  T  B  Cook®,  W  J  Mecoiich®,  R  F  Davis®,  C  fyiicovsky’ 
and  R  J  Nemanich*;  *  Physics,  North  Carolina  State  University, 
Raleigh,  North  Carolina;  ® Materials  Science  &  Engineering,  North 
Carolina  State  University,  Raleigh,  North  Carolina. 

1'he  usf»  of  HfOa  or  other  high-k  dielectrics  as  a  passivation  layer  on 
<  JaN-ba.scd  high  voltage  devices  and  as  a  gale  insulator  in  field  effect 
transistor  (Ff-n*)  d^vic/^j,  requires  knowledge  of  the  band  alignment  of 
this  interface.  Photocmission  spectroscopy  has  been  use<'I  to  observe 
the  interface  electronic  states  as  Ilf02  was  deposited  on  clean  n-type 
<»n-face  <JnN  (CHH)  1 }  surfac«*.s.  'file  IlfO^  was  forined  by  repeated 
tieposition  of  several  monolayers  of  Ilf  inctal  followed  by  remote 
plasma  oxidation,  and  a  densification  anneal.  'I'he  as-grown 

tJaN/MfCa  intf-rface  sliowed  an  increase  in  upwar<i  band  bending  from 
the  clean  surface  of  0.5  eV  giving  a  type  II  valence  band  offset  (VBO) 
of -0.1  oV.  The  fi50*r:  anneal  resulted  in  a  ^0.5  eV  change  in  band 
bending  and  band  offset.  I'he  final  annealed  interface  exhibited  a  type 
I  VBO  of  0.3  oV  an<l  a  conduction  band  offset  of  2.1  eV.  The  variation 
of  the  band  offsets  after  annealing  appears  to  be  related  to  excess 
oxygen  in  the  UfO-^.  These  results  deviate  from  the  electron  affinity 
band  offset  model  by  2.0  eV.  Research  supported  by  the  ONR, 

Y10.S2 

Ra<liniivo  to  iioii-rn<liative  ctuission  cliaxincls  coiiipotitioii  in 
thick  HVPE-GaN  layrrM  grown  on  PENDEO  toinpIateM. 

Bvgenia  Vnlcheva*.  Tanya  Pnskova’ ,  IManien  Paskov*,  Bo  M  otierimr’ , 
Ana  Roskowski®  and  Robert  Davis®;  ’Department  of  I’hysics  and 
Measurement  Technology,  Linkoping  University,  Llnkoping,  Sweden; 
®North  Carolina  State  University,  Raleigh,  North  Dakota. 

The  difficulties  of  bulk  GaN  growth  and  the  lack  of  lattice  matched 
substrates  for  heteroepitaxy  is  the  reason  for  dislocation  densities  of 
1 0$.{P}$- 10$.{  10} cm${-2}$  in  the  GaN  epilayers,  which  limits  the 
performance  of  the  devices  prodticed  on  such  materia).  There  has  been 
great  interest  in  developing  buffers  that,  though  involving  more 
complex  processing,  can  decrease  the  dislocation  density  further,  to 
the  range  of  10$_f G}$-10$-{7}$  cm${-2}$.  The  technology  for  growth 
of  complex  buffers  involves  patterning  or  special  processing  prior  to 
powth,  A  term  of  interest  is  the  investigation  of  emission  properties 
in  relation  to  the  impurity  redistribution  in  the  overgrown  material. 

An  approach  to  perform  mask-free  selective  lateral  epitaxial  growth  is 
the  PBNDBO-epitaxy.  In  this  work,  thick  GaN  layers  are  grown  by 
hydride  vapour  phas.-  epitaxy  (IIVPE)  on  templates  performed  by 
mask-free  selective  lateral  (Epitaxial  growth  by  PENDBO-epitaxy.  The 
defect  distribution  relative  to  the  different  growth  modes  is 
investigated  by  transmission  electron  microscopy.  The  spatially 
resolvo<l  emission  profile  at  different  wavelengths  is  examined  l>y 
cathodoluniinescence  and  correlated  to  the  different  character  of  the 
growth  and  the  distribution  of  the  defects  and  impurities.  Areas  of 
riiliano'd  as  wrll  as  of  r#*<lu^'-<!  omission  are  observed  and  ar*-  r«*lntrd 
to  enhanced  radiativv  or  noii-radiative  competing  nx'dianisms.  A 
change  of  the  dislocation  densities,  their  directions  of  propagat ion  and 
type  are  observed.  I'he  change  in  the  intensities  of  the  donor  bound 
exciton  etjiission,  donor-acceptor  pair  emission  and  free  electron 
recoml>in.-ition  band  in  the  spectra  taken  at  different  areas  suggests  a 
redi.stribufion  (in  type  and  concentration)  of  the  impurities  and  native 
point  defects,  which  in  turn  is  related  to  the  dominating  growth  mode 
in  difforont  areas. 


Y10.53 

Tlio  R.IE  Pa1>ricatioii  -wd  the  Ultra-high  Temperature 


(lBOO‘’C)  Ainteiiliiig  €»f  the  C!uN  Nami-roclM^.  Ilaijiaug  Yu*’®,  Iit'e 
M*’<  Nirthy’’,  Shii’jii  Kr|)»-r'\  Sl*'V»*ii  Ih-MHanrs’'’^’®,  Janu'S  S|*»‘<'k’'®  and 
l.lincsh  Mislira'^'®;  ’Mat*Tials  l)<*pnrtmrnt,  ll(/*SB,  Santa  Barbara, 
California;  ®ERATO  JS'T,  UCSB  group,  Santa  Barbara,  California; 
^ECE  Department,  UCSB,  Santa  Barbara,  California. 

CaN-based  nano  structures  have  attracted  great  interest  <lue  to  their 
potential  application.s  tt>  nov**l  *-l»*<*troiiic  and  opto-**l*-ctroni'^*  d*'viee4i. 
'The  fabrication  of  GaN  nanowires  or  nanorods  has  been  achieved  by 
using  carbon  nanotube-confined  reaction,  metal-catalyzed  growth 
assisted  by  laser  ablation,  the  high- temperature  pyrolysis  approach, 
etc.  [l-fi).  However,  all  these  approache.s  are  relatively  complicated.  In 
this  paper,  we  report  a.simpl*’  fabrication  of  GaN  Manor<»ds  by 
reactive  ion  etching  and  its  mechanism.  Furthermore,  an  ultra-high 
temperature  annealing  technique  is  developed  to  improve  the 
crystalline  quality  of  nanorods.  In  our  approach,  the  MOfJVD  grown 
GaN  on  sapphir<*  was  d«*posit*‘<l  with  *s*50  nm  SiO-j  film  by  l*B<tVI), 
then  dry-ctched  bjj  chloriiv:  plasma.  The  density  of  <jaN  nanorods 
obtained  is  I0"-l0‘Ycni®,  with  the  diameter  of  'vSOnm  and  the  length 
of  O.S'-l  /im.  SBM  pictures  show  nearly  all  nanorods  are  located  in 
the  hexagonal  pits  on  the  flaN  surface.  During  the  IMCVc;D  proce.ss, 
nano-size  Si02  crystallites  (or  long-range-order  particles)  are 
preferentially  nucleated  in  the  dislocation  sites  on  the  GaN  surface, 
and  more  chemically  inert  compared  to  the  surrounding  ainorphotis 
Si02.  'I’hercfore  they  play  the  role  as  the  micro-mask  during  the  dry 
etching.  After  the  rapid  high-pressure  thermal  annealing  up  to 
1500*C,  CL  measurement  on  GaN-nanorods  shows  the  blue  shift  of 
band-edge  (~3.4cv)  emission  due  to  the  quantum-confinement  effect, 
Besides,  the  bandgap  modulation  of  GaN  nano- rods  was  observed,  CL 
rneastjrement  on  ann^-ah-rj  GaN  naiioro'ls  demonstrators  a  strong 
ernis.sion  around  3.77vv  olue  to  thor  intermixing  b/'two-o-n  the  sputt*-reol 
AIN  eno*!ipstilatioii  ljiy*  r  and  <IaN  nano-rods  at  high  temp** rat tir*-. 

'This  dry  etching  ni**thoo|  with  the  post-annealing  at  ultra-high 
trmperaturo-,  int<-gr‘at**d  with  thr  theoretical  work  of  thermally 
indnce<i  dislocation  motion,  reaction,  and  consequently  <)islocation 
reduction  in -GaN  we  have  demonstrated  [7],  will  enable  the 
application  of  (LtN  naium>d.s  in  nano  opto-eloctronic  devices. 
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wavelength  in  MOVPE-grown  AlN/GaN  innlilple  qimntnni 
wells  over  a  2-inch  sapphire  substrate.  Ichitaro  Waki  ‘ .  Chaiyasit 
Kumtornkittikul*’® ,  Yukihiro  Shimogaki*’*  and  Yoshiaki  Nakano*'®; 
’JST-CREST,  Tokyo,  Japan;  ®RCAST-Univ.  of  Tokyo,  Tokyo,  Japan; 
^Dep.  of  Materials  Eng.-Univ.  of  Tokyo,  Tokyo,  Japan. 

Intersubband  transttion.s  (ISBTs)  in  quantum  well  (QW)  structures 
are  unique  and  can  be  applied  to  future  optical  devices,  such  as 
ultrafast  all-optical  switches,  modulators,  detectors,  and  quantum 
cascade  lasers.  Among  many  material  systems,  nitrides  are  very 
attractive  because  of  their  intrinsic  material  properties.  However,  the 
growth  of  such  nitride- based  QW  structures  for  ISBT  is  difficult, 
particularly  by  metalorganic  vapor  phase  epitaxy  (MOVPE),  due  to 
the  necessity  for  fabricating  atomically  fiat  heteroint.erfaces  in  the 
QW.  Recently,  we  realized  a  near-infrared  ISBT  at  a  wavelength  of 
1,68  /mi  by  MOVPE  for  the  first  time.  To  achieve  the  atomically  flat 
heterointcrfaces  of  the  AlN/GaN  multiple  QW  by  MOVPE,  we  used 
GaN  multi-buffvr  layers.  Consequently,  the  heterointerfaces  of  the 
samples  were  confirn^ed  to  be  comparable  to  or  better  than  the 
molecular-beam  epitaxy-grown  samples.  Though  a  short-wavelength 
ISBT  with  a  small  full-width  at  half-maximum  of  the  transition  peak 
was  achieved  by  MOVPB,  the  role  of  the  multi-buffer  layers  is  still  not 
fully  understood.  We  therefore  believe  that  a  detailed  study  on  a 
correlation  b<'tween  the  ISBT  and  the  structural  quality  i.s  n^e^'ssary 
for  further  iiMprov*  n»»  nt  of  ili*-  MOVI>Ivgrown  sarnph  s.  In  this  study, 
a  high-quality  150-period  A1N(1.05  nm)/GaN:Si(1.65  nm)  multiple 
QW  was  grown  on  a  (0001)  sapphire  substrate  using  the  same 
technique.  An  ISBT  at  a  wavelength  of  1.72  /<m  was  observed  by 
optical  absorption  mea-surements  at  the  center  of  the  2  in.  wafer.  We 
also  observed  a  blue-shifting  of  the  ISBT  wavelength  from  1.72  to  1.52 
nm  as  the  measurement  position  was  changed  from  the  center  to  the 
edge  of  the  wafer,  though  the  structural  difference  of  the  QW  was 
negligible.  This  phenomenon  was  investigated  in  terms  of  an 
inhomogeneou.s  dl.stribiition  of  a  built-in  electric  field  in  the  QW, 
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/GaN  quaiieiiiti  layers,  Pierre  lluterana* >  Greg  Maciejewski",  (;rcg 
Jurrznk®,  Slawornir  Krot*’'  and  Pawel  DKizcwski^;  *LEKMA'r, 
ENSICAKN,  C’aon,  Prance;  Institute  of  I^mdanifiilal 
Technological  Hosearch,  PAS,  Warsaw,  Poland;  ® Institute  of  Physics, 
PAS,  Warsaw,  Polan<l. 

In  this  work,  an  investigation  of  a  1-5  nm  diameter  indium  clusters  in 
’  MOeVD  InGaN/GaN  quantum  well  is  carried  out.  To  this  end, 
quantitative  High  Resolution  Transmission  Electron  Microscopy 
(HRTEM)  is  coupled  with  image  simulation  with  Finite  Element 
Method  (FBM)  thin  foil  relaxation  modeling.  FVom  HREM  images, 
the  measurement  of  the  tetragonal  distortion  is  the  powerful  tool  for 
the  determination  of  chemical  composition  in  hetero-structures.  The 
TEM  samples  used  in  high  resolution  mode  were  5-15  nm  thick  along 
the  11-20  zone  axis.  Therefore,  the  foil  thickness  was  always  larger 
that  the  size  of  the  studied  nano-clusters.  For  a  correct  interpretation 
of  the  measured  lattice  distortion  on  HRTEM  images  one  needs  to 
take  into  account  the  strain  averaging  across  TEM  sample  and 
inhomogeneous  relaxation  of  the  sample.  We  have  performed  3D  FEM 
modeling  of  the  relaxation  process  as  a  function  of  a  chemical 
composition,  size  and  position  of  In  cluster  relative  to  foil  surface  The 
calculated  3D  displacement  fields  were  used  to  simulate  the  HRTEM 
images.  T^he  results  show  that  the  indium  content  can  reach  x=:0.8  in 
the  chiste)rs  and  this  much  higher  that  was  previously  suggested  by 
21)  FEM  piodeling 
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FkhricAtioii  of  a  Thermoelectric  Device  Using  AlInN  Films 
Prepared  by  Reactive  Radio- FVequency  Sputtering. 

Shigeo  Yamaguchi**^,  Ryohei  lzakt\  Yasuo  Iwamura*’^  and  Atsushi 
Yamamoto*;  *  Electric,  Electronic  and  Information,  Kanagawa 
University,  Yokohama,  Japan;  *  Energy  Electronics  Institute,  National 
liislitiite  of  Advanr*'d  Industrial  Science  and  Technology,  Tsukuba, 
Japan. 

I'hero  has  recently  been  a  great  increase  in  the  research  and 
development  of  thermoelectric  power  generation  systems  employing 
the  vast  resources  of  waste  heat  and  environmentally  sound  cooling. 
'The  n-alization  of  practical  applications  associated  witlt  such  .systems 
requires  the  achievement  of  a  high  efficiency  characioriz<‘d  by  electric 
resistivity,  thormoelociric  Seebeck  coefficient  and  thermal 
conductivity.  At  this  stage,  no  bin.ary  compounds  better  than  Bi2Te3, 
Pb'I'e  have  been  found.  We  have  recently  studied  the  thermoelectric 
properties  of  AlInN  system  in  terms  of  the  reduction  in  the 
environmentally  stress.  AlInN  films  were  prepared  by  reactive 
radio-frequency  (RF)  sputtering.  They  were  grown  on  Si02  glass 
substrates  at  100  with  a  mixture  of  N2  and  Ar  gases  and  they 
were  of  amorphous.  The  thickness  of  the  films  was  about  0.3  fivcx.  We 
evaluated  the  values  of  Seebeck  coefficient  and  electric  resistivity.  The 
value  of  the  Seebeck  coefficient  was  negative  and  decreased 
monotonically  to  be  -70  ;iV/K  at  873K  with  increasing  temperature. 
On  the  other  hand,  the  resistivity  decreased  with  increasing 
temperature,  and  it  was  about  10“*  f)m.  Considering  both  Seebeck 
coefficient  and  resistivity,  we  estimated  the  value  of  power  factor  and 
obtained  a  value  of  over  10“^W/mK*,  which,  at  this  stage,  is  smaller 
only  by  a  factor  of  10  compared  to  those  for  B^Ta  and  PbTe  bulk 
materials.  In  addition,  we  have  fabricated  a  thermoelectric  device 
using  nitride  films,  for  the  first  time.  The  device  structure  was  as 
follow.s;  twenty  pairs  of  AlInN  and  Au  films  were  prepared  in  a  serial 
connection  by  the  KF  sputtering  on  Si02  glass  substrate.  The  output 
voltage  and  the  output  power  were  measured  on  the  condition  that  an 
external  load  was  connected  with  the  terminals  and  that  temperature 
difference  of  267K  was  applied  to  the  device.  We  obtained  those  two 
values  of  0.00  V  and  0.045  /iW,  respectively. 
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Electrical,  Optical,  aiul  Magnetic  Properties  of  Cr-doped  AIN 
and  GaN  Thin  Films.  Stephen  Y  Wu\  Hongxue  Liu*,  Lin  Gu*, 
Rakesh  K  Singh* ,  Louisa  Budd* ,  Mark  van  Schilfgaarde* ,  Molly  R 
McCartney*,  David  J  Smith*,  Nate  Newman*,  Arthur  J  Freeman^ 
and  Catherine  Stampfl®;  *  Chemical  and  Materials  Engineering, 

Arizona  State  University,  Tempe,  Arizona;  *Center  for  Solid  State 
Science,  Arizona  State  University,  Tempe,  Arizona;  ^Physics  and 
Astronomy,  Northwestern  University,  Evanston,  Illinois. 

Wo  have  used  MBE  growth  to  synthesize  Cr-doped  AIN  (4-25%)  and 
GaN  (1-8%)  that  exhibits  ferromagnetism  at  room  temperature.  Cr  is 
found  to  be  a  deep  level  defect  in  both  systems.  We  present 
experimental  and  theoretical  evidence  that  ferromagnetism  in  these 
transition-metal-doped  IH-N  systems  arises  as  a  result  of  a  mechanism 
like  the  double  exchange  model,  although  this  simple  picture  is  not 
precisely  correct.  7%  Cr  doping  of  AIN  is  found  to  have  33%  of  the 
defects  magnetically  active  at  room  temperature.  X-ray  diffraction 
(XKD)  and  TEM  do  not  find  evidence  of  a  ferromagnetic  secondary 
phase.  Small  probe  inicroanalysis  and  electron  energy  loss 
spectroscopy  (EELS)  indicates  that  nanoclustering  of  Cr>4i  defects  is 
present  in  ferromagnetic  films.  2%  Cr-doped  GaN  exhibits 


ferromagnetism  with  over  28%  of  the  Cr  magnetically  active  at  room 
temperattirc.  Rloctrica!  measurements  indicate  that  these  films  follow 
the  exponential  law,  K=Roexp[(T«/T)'^*],  indicating  that  variable 
range  hopping  between  localized  states  in  the  impurity  band  is  the 
dominant  transport  mechanism.  A  more  complete  description  of  the 
electrical,  magnetic,  and  optical  properties  will  be  reviewed. 
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Carbo]i  doping  of  Gallium  Nitride  using  Carbon  Tetra 
bromide  in  rf  plasma  MBE.  Daniel  S  Green*.  Siddharth  Rajan*, 
Umesh  K  Mishra*  and  James  S  Speck*;  *  Electrical  and  Computer 
Engineering  Department,  University  of  California,  Santa  Barbara, 
California;  *Materials  Department,  University  of  California,  Santa 
Barbara,  California. 

Carbon  is  one  tlie  throe  most  common  impurities  In  GaN  along  with 
hydrogen  and  oxygen.  Yet  while  oxygen  is  understood  to  be  a  shallow 
donor  and  hydrogen  is  found  to  occupy  a  deep  donor  level,  the 
behavior  of  carbon  is  still  poorly  understood.  Carbon  is  projected  to 
be  useful  either  as  a  shallow  acceptor  to  produce  p-type  GaN  or  as  a 
deep  level  to  produce  semi-insulating  GaN.  The  carbon  site  is 
predicted  to  depend  on  the  surface  condition  and  the  Fermi  level 
during  growth  with  the  carbon  generally  anticipated  to  occupy 
substitutional  or  interstitial  sites  which  compensate  other  intentional 
dopants  and  self-compensate  in  the  case  carbon  is  the  primary 
dopant.  To  investigate  the  role  of  carbon  in  GaN,  Carbon  Tetra 
bromide  (CBr4)  was  used  to  dope  GaN  grown  by  rf  plasma  MBE. 
CBr4  is  regularly  used  to  introduce  carbon  as  a  shallow  acceptor  in 
other  III-V  semiconductors  and  therefore  is  a  mature  technology 
available  for  MBE  systems.  Films  were  grown  homoepitaxially  on 
semi-insulating  MOCVD  grown  templates  under  either  Ga-rich  or 
N-rich  conditions.  The  growth  rate  was  ^200  nm/hr  for  an  rf  plasma 
power  of  150W.  The  CBr4  flux  was  studied  over  a  range  's.lO-lO  to 
2xl0-fi  Torr  and  the  substrate  tem|>erattire  was  varied  from  to 

<>^7000.  Additional  films  were  grown  Ga-rich  and  co-doped  with 
silicon  and  carbon.  The  samples  were  characterized  by  SIMS,  AFM, 
Hall,  and  CV  profiling.  SIMS  measurements  revealed  that  the  carbon 
readily  incorporates  un<lcr  Ga-rich  as  well  as  N-rich  growth  conditions 
and  yielded  eoueenirations  of  ^7x1017  to  ^2xl0i9  cm-3  for  the  range 
of  incidence  flux.  Kirther,  the  Ga-rich  growth  conditions  yielded  sharp 
doping  profiles  (^8  nm/dec).  The  carbon  incorporation  was 
comparable  for  Ga-rich  and  N-rich  growth,  but  decreased  for 
increased  substrate  temperature.  AFM  measurements  show  the 
surface  morphology  is  typical  of  undoped  GaN  indicating  no  adverse 
impact  of  the  carbon  doping,  in  contrast  to  etching  reported  when 
CC14  is  used  as  the  dopant  source.  Hall  measurements  of  the  silicon 
and  carbon  co-doped  samples  with  silicon  doping  of  «^1018  were 
shown  to  have  the  carrier  concentration  reduced  as  the  carbon 
concentration  increased,  and  were  resistive  when  the  carbon  doping 
exceeded  the  silicon  doping.  However,  calculation  of  the  compensat  ion 
activity  of  the  carbon  was  compromised  by  parallel  conduction  found 
at  the  regrowth  interface.  CV  profiling  verified  the  insulating  nature 
of  GaN;C  with  carrier  densities  less  than  1015  cm-3,  and  the  presence 
of  a  charge  of  ^lOiS  cm-3  at  the  regrowth  interface. 
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Activation  Of  Beryllium  Doped  GaN  Grown  By  Rf- Plasma 
Molecular  Beam  Epitaxy.  Brenda  VanMil.  Kyoungnae  Lee,  Craig 
Swartz,  Thomas  H  Myers,  Lijun  Wang  and  Nancy  Giles;  Physics, 

West  Virginia  University,  Morgantown,  West  Virginia. 

Beryllium  doping  has  been  investigated  for  GaN  grown  by  rf-plasma 
molecular  beam  epitaxy  on  Ga- polar  MOCVD  grown  GaN  templates. 
All  samples  were  grown  with  a  growth  rate  of  ^0.27  /zm/hr.  A 
step-doped  sample  with  0.5  pm  Be-doped  steps  with  0.5  pm  undoped 
spacers  was  analyzed  by  Secondary  Ion  Mass  Spectrometry  (SIMS). 
This  sample  exhibited  symmetric  steps  for  dopant  incorporation  of 
10**^,  10*  and  10*®  cm""®.  A  series  of  1  pm  thick  uniformly  Be-doped 
films  were  grown  on  0.1  pm  of  undoped  GaN.  Resistivity 
measurements  with  pressed  indium  contacts  indicate  that  all  uniform 
doped  as-grown  samples  were  semi-insulating.  Samples  were  annealed 
after  growth  at  atmospheric  pressure  in  a  tube  furnace  utilizing  a 
two-stage  process.  The  first  anneal  stage  was  in  flowing  forming  gas 
(3:17  H2:N2)  for  1  to  3  hours  at  temperatures  ranging  from  600®C  to 
800*C.  The  second  stage  was  in  flowing  nitrogen  at  800^C  for  1  to  3 
hours.  All  samples  were  inspected  before  and  after  the  anneal  with  an 
Olympus  BX60-M  microscope  with  a  UV  florescence  attachment. 
As-grown  samples  were  dark  blue  in  color.  As-grown  Ga-polar  samples 
doped  heavily  with  Be  (above  ^5x10*®  cm”®)  exhibit  orange  UV 
florescence,  and  is  likely  associated  with  inversion  domain  formation, 
bringing  the  N- polar  face  to  the  growth  surface.  As-grown  samples 
that  exhibit  this  orange  florescence  have  been  found  to  be  N-polar 
through  etching  experiments.  The  annealing  process  activated  the 
orange  UV  florescence  for  the  samples  doped  at  about  10*®  cm”®, 
while  those  with  lesser  dopant  levels  remained  blue.  All  samples 
remained  semi-insulating  after  the  annealing  process.  This  work  was 
supported  at  WVU  by  ONR  Grants  NOOO 14-02- 1-0974  and 
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dopinjj  of  GaN  with  R>F~Pla5nia  molecular  beam  epitaxy. 
Czeslaw  Skicrbis2ewski ' .  Marcin  Siekacz*,  Anna  Feduniewicz* , 
Zbyszck  W^ilewski^,  Szyrnon  Grzanka\  Bogdan  Pastuszka\  Michal 
l/cszczynski *  and  Sylweal.er  Porowski^;  *High  Pressure  Research 
Center,  Warszawa,  Poland;  ^Institute  for  Microstructural  Sciences, 
National  Research  Council,  Ottawa,  Ontario,  Canada. 

GaN:Mg  layers  were  grown  by  molecular  beam  epitaxy  (MBE)  using 
RF-PInsma  sotirce  as  a  nitrogen  precursor.  Contrary  to  the  GaN:Mg 
layers  grown  with  anuuonia,  our  samples  does’ not  contain  hydrogen 
and  p-type  conductivity  can  be  achieved  without  any  post  growth 
treatment.  This  makes  the  MBE  system  very  attractive  for  effective 
p-type  doping  of  GaN.  We  investigated  growth  of  the  Mg  doped  GaN 
layers  on  sapphire/MOCVD  templates  and  on  GaN  bulk  crystals. 
Secondary  Ion  Mass  Spectroscopy  (SIMS)  showed  that  the  Mg 
incorporation  to  our  layers  changes  linearly  with  the  Mg  flux 
inoasured  by  Monitor  Ion  Gauge.  Drastic  improvement  of  the  Mg 
<loping  was  obtained  at  lower  growth  temperatures.  For  given  Mg  flux 
we  were  able  to  increase  the  Mg  concentration  measured  by  SIMS  by 
2  orders  of  magnitude  from  lei 8  cm-3  to  2e20  cm-3.  On  the  other 
hand  reduction  of  the  growth  temperature  can  lead  to  increase  of 
oxygen  incorporation  and  change  of  the  polarity  of  the  GaN,  which  in 
turn  compensate  p-type  conductivity.  We  investigated  the  behavior  of 
p-type  conductivity  vs.  the  growth  temperature  in  details.  The  hole 
concentration  at  room  temperature  for  our  best  samples  was  5el7cm-3 
and  mobility  20  cm2/Vs.  We  will  discu-ss  the  growth  conditions  for 
efferlive  Mg  doping  of  GnN  t.aking  into  account  Mg  and  oxygen 
incorporation,  hole  roncontration  and  GaN  layer  polarity.  We  will 
demonstrate  also  characteristics  of  blue  GaN/InGaN  LEDs  grown  by 
HF  plasma  MBE  on  bulk  substrates. 
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MDE  Grown  AIN  Films  on  SiC  for  Piezoelectric  MEMS 
Semsors.  Dhar.anipal  Doppalapudi * .  Richard  Mlcak',  Jeffrey  CMian’, 
Harry  'Biller*,  Anirban  Bhattacharya®  and  Theodore  Moustakas*; 

Boston  Microsystems  Inc,  Woburn,  Massachusetts;  ^Electrical  and 
('omputer  Engineering,  Boston  University,  Boston,  Massachu.setls. 

Mi^To*’h*et roriu'clmnical  Sy.stfins  (MI*/MS)  nr<‘  being  extensiv«*ly 
inve.stigate<l  for  miniaturizing  various  piezoelectric  scn.sors  due  to  the 
advantages  of  .nnaller  size,  lower  power  consumption,  higher 
sensitivity  and  the  ability  to  form  compact  multi-sensor  arrays.  Such 
devices  typically  employ  one  or  more  silicon  micromechanical  elements 
(inembr.anes,  cantilever  bomns,  tethered  proof  masses,  etc.)  an<l  a 
polyery^if  ti]lin<‘  |»i**'/oi*h‘<*trie  dim.  'I’lie  use  of  polycry.stalliix'  matcTial.s 
resuhs  in  inherently  le.ss  stable  and  irreproduciblo  device 
characteristics  due  to  difficulties  in  replicating  the  polycrystalline 
structure,  morphology,  composition,  uniformity,  and  internal  stress.  In 
contrast,  epitaxial  films  grown  on  single  crystal  micromechanical 
elements  results  in  highly  reproducible  and  stable  devices  with 
improved  performance.  AIN,  in  particular,  has  excellent  piezoelectric 
properties  for  MICMS  sensor  applications,  with  an  electromechanical 
coupling  coefneiont  of  0.088  and  a  high  tn-plane  acoustic  velocity 
(•s.570pm/sec).  In  this  paper,  we  present  a  single  crystal  SiC- A  IN 
plozoeicct  ric  MEMS  sensor  platform  fabricated  by  integrating  MBE 
grown  AIN  films  onto  photoeh'rtrochemically  machined  SiC 
micromechanical  structures  (microcantilcvers,  membranes  etc).  SiC 
and  AIN  have  excellent  lattice  and  thermal  match  enabling  growth  of 
high  quality  epitaxial  piezoelectric  films  with  negligible  internal 
stress.  AIN  and  SiC  also  have  good  acoustic  match  and  chemical 
stability,  providing  low-loss  resonators  capable  of  long-term  exposure 
in  harsh  semsor  environments.  Fabrication  of  piezoelectric  AIN-SiC 
niicroresonators  and  flexural  plate  wave  devices,  and  their  application 
to  chemical,  biological  and  fluid  sensing,  is  reported.  Integration  of 
IM-nitride  materials  with  MEMS  creates  exciting  new  opportunities  in 
optica!  devices,  sensors,  actuators  and  RF  MEMS. 


However,  it  is  difficult  to  grow  high  qniility  AIN  buffer  layers  due  to 
the  relatively  low  <le.s(>rption  rat^-  ami  surface  <lifriision  of  Al,  loading 
to  a  three-dimensional  (3D)  growth  and  AI  droplets  [2].  In  this  study, 
AIN  growth  conditions  were  optimized  by  monitoring  reflection 
high-energy  electron  diffraction  (RHEED).  Two  different  growth 
conditions  of  AIN  were  used  to  avoid  AI  droplets.  First,  Al  flux  was 
increased  from  N  rich  condition  to  AI  rich  condition  during  growth  of 
AIN  layer  to  avoid  A I  di-oplets.  Second,  under  AI  rich  condition,  the 
Al  shutter  was  toggled  for  every  10  sec  for  the  first  2  minutes  of 
growth.  The  etch  pit  density  in  GaN  films  was  determined  with  hot 
phosphorous  acid  at  1.50-170  00  for  5  min.  Etch  pit  density  reduced 
from  low  loiOcm-2  for  traditional  AIN  buffers  to  low  108cm-2  with 
Al  shutter  inanipuhiiion.  WIm-u  u.sing  a  double  buffer  lay«T  (low 
temperature  GaN  on  high  temperature  AIN),  etch  pit  density  reduced 
to  mid  107  cm-2  in  GaN  epitaxial  layers.  Polarity  of  GaN  epitaxial 
layers  was  determined  by  surface  potential  electric  force  microscopy 
and  atomic  hydrogen  etching.  Using  feedback  from  these  techniques, 
nitrogen  inversion  domains  were  completely  removed  by  increasing  the 
thickness  of  AIN  buffer  layers.  Furthermore,  electrical  properties  of 
AIGaN/AIN/GaN  heterostructures  were  investigated  bv  growing  on 
various  buffer  layers,  The  mobility  in  AIO.3GaO.7N/AlN/GaN 
structures  grown  on  AIN  buffer  layers  were  ^^.1300  cm2/V.s  at  a  sheet 
cliarge  of  1.6xl0i3  cm-2.  Using  the  double  buffer  layer,  the  mobility 
increased  to  around  ^1587cm2/V.s  with  a  sheet  charge  of  1.25x1013 
cm-2.  [1]  Gon  Namkoong,  W.A.  Doolittle,  A.S.  Brown,  M.  Losurdo,  P. 
Capezzuto,  and  G.  Bruno,  J.  Cryst.  Growth,  252  (2003)  1 50  [2]  G. 
Ferro,  H.  Okiimiira,  T.  Ide,  S.  Yoshida,  J.  Cryst.  Growth,  210  (2000) 


Y  10.03 

Fabrication  of  GaN  films  on  single  crystalltiic  2nO  deposited 
by  molecular  beam  epitaxy  method.  Takeshi  Ohgaki*.  Naoki 
Ohashi*,  Isao  Sakaguchi*,  Takashi  Sekiguchi^  and  Hajime  Haneda*; 

Adv.  Matr.  I<ab.,  Natl.  Inst.  Mater.  Sci.,  Tsukuba,  Ibaraki,  .lapan; 
’Nanomatr.  Lab.,  Natl.  Inst.  Matrr.  Sci.,  'Psukuba,  Ibaraki,  .lapan. 

Gallium  nitride  (<iaN)  an<l  Zinc  oxide  (ZnO)  have  the  same  wurtzite 
structure  and  nearly  the  same  lattice  constants.  Therefore,  ZnO  single 
crystals  are  one  of  the  candidates  for  the  substrate  of  GaN  films.  In 
this  study,  GaN  and  it.s  related  films  wore  grown  on  ZnO  single 
crptals  with  0001  (Zn  face),  OOO-I  (O  face),  10-10  and  11-20 
orientation  n.sing  mol»  <  nlar  beam  »‘pitaxy  (MBE)  iiu'thod.  'Fin- 
epitaxial  relation  of  GaN  films  and  ZnO  substrates,  the  crystallinity 
and  optical  properties  of  the  GaN  films  were  studied.  Ga  metal  was 
evaporated  by  Knud.sen  cell  (K-celi)  and  nitrogen  ra<licals  generated 
by  RF  radical  gun  wore  irradiated  during  the  film  growth.  The  lattice 
orientation  and  crystallinity  of  the  films  wore  an.alyzod  by  X-ray 
dilfmction  aiul  iransmis.Minti  ebvtron  microscopy,  an<l  the  optical 
properties  of  the  GaN  films  won*  investigated  by  photohmiinescence 
and  cathodoluminescence.  The  structure  and  optical  properties  of  the 
GaN  films  were  changed  with  the  orientation  of  the  ZnO  substrates. 
The  results  of  XRD  and  X-ray  pole  figure  measurements  indicate  that 
the  GaN  films  are  grown  epitaxially  on  the  ZnO  0001  substrates.  In 
these  films,  strong  band-edge  emission  in  the  UV  reason  was  observed, 
.and  the  intensity  of  visible  eini.sslnn  was  very  low.  As  for  the  films 
grown  on  ZnO  with  10-10  and  11-20  orientation,  the  epitaxial 
relationship  between  GaN  and  ZnO  was  not  simple,  and  the  intensity 
of  emission  was  very  low.  The  structure  and  optical  properties  of  the 
(InGa)N  films  grown  on  ZnO  single  cry.stals  will  be  also  discussed. 


Y10.64 


GaN  layers  regrown  on  etched  GaN  templates  by  plasma 
assisted  molecular  beam  epitaxy.  Lei  He* ,  Michael  A. 


Keshchikov  ,  Josh  Spradlin  ,  Jtnqiao  Xie‘,  Faxian  Xiu*,  Xing  Gu*, 
Feng  Yun*,  Allison  A.  Baski^  and  Hadis  Morkoc*'*;  *Department  of 
Electrical  Engineering,  Virginia  Commonwealth  Univeristy, 

Richmond,  Virginia;  Department  of  Physics,  Virginia  Commonwealth 
Univeristy,  Richmond,  Virginia. 


Y10.C2 

Effect  of  Buffer  Design  on  AIGaN/AIN/GaN  Heterostructures 
by  MDE.  Gon  Namkoong*,  W.  A.  Doolittle*,  A.S.  Brown*,  M. 
Ix)surdo'\  M.M.  Giangregorio®  and  G.  Bruno*;  *ElectricaI  and 
Computer  Engineering,  Georgia  Institute  of  Technology,  Atlanta, 
Georgia;  Electrical  and  Computer  Engineering,  Duke  University, 
Durham,  North  Carolina;  ''institute  of  Inorganic  Methodologies  and 
of  Plasmas,  IMIP-CNR  and  INSTM,  Bari,  4-70126,  Italy. 

A  key  issue  for  IH-Nitride  materials  growth  is  the  lack  of  high  quality 
lattice-matched  substrates.  Recently,  a  comprehensive  study  of  the 
effect  of  the  initial  growth  conditions  and  layer  design  (i.e.  nitridation 
and  types  of  buffer  layer)  of  the  subsequent  GaN  epitaxial  layers  was 
reported  [1],  In  this  work,  this  study  is  expanded  to  examine  high 
temperature  (700-850  oC)  AIN  and  combined  AIN/GaN  buffer  layer 
effectiveness  to  produce  Ga-polar  GaN  epitaxial  layers  grown  by 
radio-frequency  (rf)  plasma  Molecular  Beam  Epitaxy  (MBE). 


The  growth  of  high  quality  GaN  by  plasma  assisted  molecular  beam 
epitaxy  (MBE)  is  challenging,  in  part  due  to  the  constraint  of 
heteroepitaxy  since  GaN  substrates  are  not  yet  commercially  available 
and  isotropic  nature  of  growth.  Despite  the  large  lattice  and  thermal 
mismatch  sapphire,  is  still  the  most  commonly  used  substrate  for  the 
GaN-based  devices  at  present.  In  this  paper,  we  demonstrate  a 
re-growth  technique  to  obtain  an  improved  quality  GaN  by  MBE  on  a 
GaN  on  sapphire  template  where  in  the  grossly  defective  regions  have 
been  removed.  This  GaN  template  is  formed  by  MBE  growth  of  GaN 
followed  by  wet  chemical  etching  to  selectively  remove  the  defective 
region.  Improved  quality  GaN  was  re-grown  on  such  a  template  under 
Ga  rich  conditions  to  a  thickness  of  about  1  micron.  After  re-growth, 
the  surface  of  GaN  is  atomically  smooth  with  spiral  hillock  features  in 
the  short  range.  The  optical  properties  of  the  re-grown  GaN  are 
superior  to  those  of  MBE  GaN  films  using  sapphire  as  a  substrate. 

The  etch-pit  density  of  re-grown  GaN  is  significantly  lower  than  that 
in  regular  MBE-grown  GaN  on  sapphire  according  to  the  atomic-force 
microscopy  (AFM).  AFM  images  also  reveal  a  2-dimentional 
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re-growth  initiating  in  regions  free  of  extended  defects.  The  results 
show  that  the  selectively  etched  GaN  on  sapphire  can  be  used  as  a 
good  template  to  obtain  high  quality  GaN. 

Y10.65 

Surface  Control  of  ZrB2  (0001)  Substrate  for  Molccular-Beam 
Epitaxy  of  GaN.  Jun  Suda.  Hiroyasu  Yamashita^  Tsunenobu 
Kimoto  and  Hiroyuki  Matstinami;  Department  of  Electronic  Science 
Engineering,  Kyoto  University,  Kyoto,  Japan. 

Zirconium  diboride  (ZrB2)  has  been  proposed  as  a  novel 
lattice- matched  electrically-conductive  substrate  for  GaN- based 
semiconductors  (1-3),  Wc  have  demonstrated  the  first  epitaxial  growth 
of  (laN  and  AIN  on  ZrB2  (0001)  by  molecular- beam  epitaxy  (MBE) 

(2).  However,  the  crystalline  quality  of  grown  layer  was  not  enough  for 
<levice  applications.  One  of  reasons  is  thought  as  cleanness  of  ZrB2 
surface  before  the  growth.  Since  this  compound  has  a  very  higli 
inelting  point  (3220®C:),  high  temperature  (1830^0)  thermal  Hushing 
is  re<|uired  to  obtain  a  clean  surface  (4).  It  is  difficult  to  achieve  such  a 
high  temperature  in  a  standard  MBE  system.  In  fact,  reflection 
high-energy  electron  diflTraction  (RHEED)  from  the  ZrB2  surface  after 
thermal  cleaning  at  1000®C  was  faint  compared  to  that  from  the  GaN 
grown  layer,  indicating  insufficient  cleaning.  In  this  study,  we  have 
studied  ZrB2  surfaces  by  X-ray  photoemission  spectroscopy  (XPS). 
Besides  Zr  and  B,  O  was  observed.  The  Zr  peak  splits  into  two  peaks 
due  to  a  chemical  shift,  indicating  the  existence  of  ZrO*.  in  addition 
to  ZrB2  on  the  surface.  After  thermal  cleaning  at  1000®C  for  30  min 
in  an  ultra-high  va/unim,  tin-  pf-ak  intensity  of  O  wa.s  d*^-c re as«  d  hut 
si  ill  strong.  Various  wt  ch*  nii^*ul  pn-treatinonts  were  exaniiin  rl,  By 
using  suitable  acid  pre-treatmont,  the  peak  intensity  of  O  wjxs  much 
reduced  and  the  peaks  of  Zr  (bonded  to  B)  and  B  became  dominant; 
The  combination  of  suitable  pre-treatment  and  thermal  cleaning 
resulted  in  sharp  and  intense  RHEED  diffraction  from  the  ZrB2 
surface,  which  is  a  promising  process  for  the  MBE-growth  of  III-N  on 
ZrB2  substrates.  [1]  H.  Kinoshita,  S.  Otani,  S.  Kamiyama,  H.  Amano, 

1.  Akasaki,  J.  Suda  and  H.  Mat.sunami,  Jpn.  J.  Appl.  Phys.  40  (2001) 
Ll28n.  [2]  J.  Suda  and  H.  Matsunami,  J.  Crystal  Growth  237-239 
(2002)  1114.  [3]  H.  Kinoshita,  S.  Otani,  S.  Kamiyama,  H.  Amano,  I. 
Akasaki,  J.  Suda  and  H.  Matsunami,  Jpn.  J.  Appl.  Phys.  42  (2003) 
2260.  [4]  T.  Aizawa,  W.  Hayami  and  S.  Otani,  Phys.  Rev.  B  65  (20011 
24303.  ^ 
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The  Influence  of  Siilistrate  Polarity  on  the  Blue  Emission 
from  As-doped  GaN  Layers  Grown  by  Molecular  Beam 
Epitaxy.  Sergei  V.  Novikov*,  L.  X.  Zhao\  C.  T.  Foxon\  I. 

Harri.son^,  R.  P.  Campion',  C.  R.  Staddon\  S.  W.  Kang®.  O. 

Kryliouk®  jand  T.  Anderson®;  'School  of  Physics  and  Ast  ronomy, 
Ifnivi-rsilyjof  Nottingham,  Noiiiugham,  Uiiif«  <l  Kingdom;  ‘Srhool  of 
Ehclrical  and  I'JrcIronie  Engim^  ring,  llniv<‘rsity  of  Nottingham, 
Nottingham,  Uiiitc<l  Kingdom;  ^Chemical  Engineering  Department, 
llniversity  of  Florida,  Gainesville,  Florida. 

The  observation  of  blue  luminescence  in  GaN  layers  doped  with 
arsenic  initiated  active  research  on  growth  of  GaN  layers  doped  with 
various  group  V  isoelectronic  dopants.  Blue  emission  has  been 
reported  for  As  doping  of  GaN  layers  in  both  metal-organic  vapour 
phase  epitaxy  (MOVT’E)  and  pi  asm  a- assisted  molecular  beam  epitaxy 
(PA- MBE).  Arsenic  doped  GaN  films  grown  by  PA-MBE  on  sapphire 
substrates  show  very  strong  blue  emission  at  room  temperature,  which 
is  more  than  one  order  of  magnitude  stronger  than  the  band  edge 
emission  in  undoped  GaN  films.  Our  studies  show  that  the 
incorporation  of  As  into  the  GaN  lattice  during  PA-MBE  is  strongly 
influenced  by  the  choice  of  substrate  and  its  polarity.  To  obtain  blue 
deep  level  emission  from  As-doped  GaN  requires  growth  under  Ga-rich 
conditions  for  both  sapphire  substrates  and  (0001)  GaN  MOVPE 
templates.  The  exact  conditions  depend  critically  on  the  polarity  of 
the  GaN.  To  obtain  strong  blue  emission  a  significantly  higher  Ga:N 
ratio  is  required  when  As-doped  GaN  is  grown  on  Ga-polarity  GaN 
(0001)  templates  when  compared  to  growth  of  N-polarity  As-doped 
GaN  on  sapphire.  The  influence  of  the  polarity  of  the  substrate  on  the 
blue  emission  from  As-doped  GaN  layers  grown  by  PA-MBE  was 
investigated  further  by  extending  the  study  to  non-polar  directions. 
Arsenic  doped  GaN  layers  were  grown  under  identical  PA-MBE 
conditions  on  several  types  of  substrates  including  c- plane  (0001) 
sapphire  and  polar  and  non-polar  GaN  templates  grown  by  MOVPE 
Non-polar  (11-20)  and  (1-100)  GaN  MOVPE  templates  were  grown  on 
a-plane  (11-20)  sappliire  and  LiAI02  (100)  substrates  respectively.  A 
strong  influence  of  the  substrate  polarity  on  the  optical  properties  of 
PA-MBE  grown  As-doped  GaN  layers  was  observed. 

Y10.07 

GaN  Epitaxial  Growth  Process  at  High  Growth  Temperature 
by  NH3  Source  Molecular  Beam  Epitaxy.  Naoki  Ohshima. 

Akihiro  Sugihara,  Naohiko  Okabe  and  Naoya  Yoshida;  Advanced  Mat. 
Scl,  A*  Eng.,  Yamaguchi  University,  Ube,  Yamaguchi,  Japan. 


Annealing  and  epitaxial  growth  processes  of  GaN  layer  on 
sapphire(OOOI)  at  high  growth  temperatures  above  900  degree  C  using 
NH3  gas  source  molecular  beam  epitaxy  (MBE)  have  been 
investigated  by  observations  of  in-sit u  reflection  high  energy  electron 
diffraction  and  ex-situ  atomic  force  microscopy.  It  is  found  that  the 
changing  processes  of  the  surface  morphology  and  the  island’s  shape 
of  the  GaN  buffer  layer  deposited  at  a  temperature  of  600  degree  C  for 
60  min  strongly  depend  on  the  annealing  temperature.  It  i.s  noted  that 
the  surface  morphology  changed  from  islanding  to  columnar  structure 
with  flat  surface  by  thermal  annealing  at  950  degree  C.  It  is  observed 
that  the  shape  of  the  GaN  Island  is  changed  from  a  particulatcd  one 
to  trapezoidal  one  with  flat  top  surface.  I^rthermore,  it  is  noted  that 
the  GaN  continuous  cpilayor  with  a  flut  surface  is  appeared  at  a 
growth  icinperat.uro  of  HHK)  d<-gree  C,  It.  is  consi<iere<l  tfial.  the  growth 
kinetics  of  GaN  epitaxial  layer  using  NHSgas  source  MBE  above  950 
degree  C  is  different  from  the  one  of  GaN  epitaxial  layer  at  below  900 
degree  C.  It  is  iliougli  that  the  N-terminated  surface  is  grown  above 
050  degree  C  and  the  surface  contained  hydrogen  atoms  desorl>e<i 
during  growth  at  a  rate  proportional  to  the  growth  temperature. 

Y10.68 

Structural  Characterization  of  Low-Temperature  InN  Buffer 
Layer  Grown  by  RF-Molecular  Beam  Epitaxy.  Tsutomu  Araki' , 
Tomohiro  Yamajsjuchi' ,  Masahito  Kurouchi*,  Chiharu  Morioka\ 
Yasushi  Nanishi^  and  Akira  Suzuki^;  ^Department  of  Photonics, 
Ritsumeikan  University,  Kusatsu,  Japan;  ^Research  Organization  of 
Science  and  Engineering,  Ritsumeikan  University,  Kusatsu,  Japan. 

Ibrenl.  <lev<4opiiient..H  of  InN  growth,  cs|>ecially  in  molecular  beam 
epitaxy,  have  revealed  the  excellent  electrical  properties  and  new 
findings  in  the  band-gap  energy,  which  open  new  application  fields  of 
InN-based  nitride  semiconductors  such  as  high-speed  electronic 
devices,  long  wavelength  optical  devices  and  solar  cells.  Usually  InN 
films  are  grown  on  substrates  using  a  buffer  layer.  So  far, 
low-temperature  (LT)  InN  [l],  LT-InN/LT-GaN  [2]  and 
high- temperature  AIN  [3]  layers  were  used  as  the  buffer  layer  and  are 
found  to  be  essential  to  obtain  high  quality  InN  films.  However,  InN 
films  still  have  high  den.sity  threading  dislocations,  large  twist 
distribution  and  voids  at  interface  between  the  film  and  the  substrate. 
Therefore,  the  roles  of  the  buffer  layer  in  the  InN  growth  should  be 
understood  for  further  improvements  of  the  quality  of  InN  films.  In 
this  paper,  we  will  report  on  micro-structure  of  LT-InN  buffer  layers 
characterized  by  TEM.  InN  growth  was  performed  by  RF-MBE  on 
(0001)  sapphire.  After  nitridation  of  the  substrates,  a  LT-InN  buffer 
layer  was  grown  at  300®C  for  10  min  (about  30nm),  which  followed  by 
the  InN  growth  at  530® C.  The  samples  were  observed  with  JEOL  2010 
and  HITACHI  H-9000lfHR  electron  microscopes  operated  at  200  kV 
and  300  kV,  respectively.  In  the  LT-InN  buffer  layer,  defective  regions 
worv  obs**rv«vl,  which  miglii  bt*  dii^'  to  low  tcmpornlur*'  growth  at. 
300®<!.  'rhr*T  ditiH-iisiiMial  i.sland.s  w»-rr  also  obs#TVtM|,  in  which  growth 
orientation  was  <lisor<lerod.  'I'hese  islands  are  found  to  bo  one  of  the 
origin  of  threading  dislocations,  [l]  Y.  Saito  et  al.,  Jpn.  J.  Appl.  Phy. 
40,  L91  (2001),  [2]  M.  Iligashiwaki  et  al.,  Jpn.  J.  Appl.  Phy.  42,  L540 
(2002),  (3)  H.  Lu  et  al.,  Appl.  Phys.  Lett.  79,  1489  (2001). 

Y  10.69 

Surface  Termination  Control  of  GaN  Growth  Using  MOMBE. 
jsaiah  Stein ke''*,  Bentao  Cui*’*  and  Philip  I  Cohen®*';  ^Department 
of  Chemical  Engineering  and  Materials  Science,  University  of 
Minnesota,  Minneapolis,  Minnesota;  ® Department  of  Electrical  and 
Computer  Engineering,  University  of  Minnesota,  Minneapolis, 
Minnesota. 

The  growth  and  kinetics  of  GaN  have  been  studied  using  metal 
organic  molecular  beam  epitaxy  (MOMBE)  using  triethylgallium 
(TEG)  and  ammonia  (NH3).  Though  different  reconstructions  are  not 
observed,  the  adsorption  of  one  and  two  layers  of  Ga  are  found  to  be 
observed  in  the  decrease  of  the  specular  beam  intensity  when  the 
ammonia  flux  is  removed.  A  procedure  is  developed  to  allow  growth 
under  excess  N  conditions  or  under  one  or  two  layers  of  Ga.  The 
surprise  is  that  under  excess  N  conditions,  smooth,  step-flow  growth  is 
obtained  even  though  substrate  temperatures  are  near  750®C,  typical 
of  that  used  in  Ga  effusion  cell  MBE  growth  of  GaN.  Under  MBE, 
similar  conditions  would  correspond  to  diffusion  limited,  rough 
growth.  Starting  from  MOCVD  GaN  templates,  the  growth  and 
morphology  under  the  different  terminations  was  compared.  Under 
excess  N  conditions,  ammonia  pressures  were  SxlO"®  torr  and  the 
TEG  pressure  was  1x10  ®  torr.  Based  on  the  observed  crossover  and 
known  ammonia  dissociation,  we  estimate  that  at  these  conditions, 
the  TEG  dissociation  rate  is  about  10%.  Under  excess  N  conditions  on 
a  low-index  substrate,  hillock  growth  was  observed  with  terrace 
lengths  of  about  40  nm.  The  ammonia  flux  was  then  decreased, 
keeping  the  TEG  flux  constant,  changing  to  a  termination  of  one  layer 
of  Ga.  Under  thc.se  conditions  the  hillock  terrace  length  increased  to 
about  100  nm,  even  though  the  growth  rate  was  roughly  the  same,  0.6 
ML/s.  This  suggests  a  change  in  the  step-edge  energy.  On  these 
surfaces  no  stop  bunching  was  observed,  in  contrast  to  previous 
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NKX.A'I)  work  nt  Hitnilnr  growth  temperatures. 

Y10,70 

Polarity  Stivcraioii  iukI  iii-plaiic  periodic  polarity  atriictnrcA 
ha^cd  on  GaN.  Sebastien  Perzagna,  Nicolas  Grandjean  and  Philippe 
Venncgiies;  CNUS-CRIIKA,  Val bonne,  FVance. 

It  is  observed  during  the  growth  by  NH3*molecuIar  beam  epitaxy  of 
GaN  that  a  polarity  inversion  from  Ga  to  N  occurs  when  a  large  Mg 
flux  is  used.  The  interface  between  the  two  polarities  is  perfectly  flat 
over  a  2  inch  wafer  and  no  dislocation  is  introduced  by  the  polarity 
change.  Actually,  th^  quality  of  the  N-polarity  GaN  growing  lay/^r 
replicates  that  of  Mu-  Ga-pohirity  underlayer.  'IVansnussion  i-h-rtnin 
microscopy  ('I'KM)  images  reveal  a  faceted  interface.  Secondary  ion 
mass  spectroscopy  shows  that  the  critical  Mg  concentration  for  a 
polarity  inversion  must  be  larger  than  3x1020  cm-3.  Despite  some 
indications  about  tin*  role  of  the  Mg,  the  actual  nicclianisni 
responsible  for  the  polarity  inversion  is  still  unclear.  Rirthermore,  if 
the  growth  proceeds  on  the  N-polarity  and  with  a  large  Mg  flux,  the 
GaN  layer  undergoes  a  crystal  pha.se  transition  from  hexagonal  to 
cubic;  the  interface  between  h-  and  c-  GaN  being  perfectly  flat  at  the 
atomic  scale.  On  a  sample  with  a  single  Ga/N  polarity  inversion  along 
the  growth  axis,  stripes  have  been  etched  up  to  the  Ga  polarity  by 
reactive  ion  etching.  At  this  stage  the  sample  exhibits  an  in-plane 
Ga/N  periodic  polarity  modulation.  GaN  is  then  overgrown  in  order 
to  achieve  thick  periodic  polarity  structures.  The  vertical  polarity 
domain  boundary  is  investigated  by  TEM  as  a  function  of  stripe’ 
orientations.  Selective  wet  etching  using  KOH  reveals  smooth  (10-10) 
planes  for  properly  chosen  stripe  orientation. 

Y10.71 

CharacterizatSoii  of  Photovoltaic  Cells  Using  n-InN/p-Si 
Grown  l>y  RF-MBE.  Chiharu  Morioka^.  Tomohiro  Yamaguchi\ 
Tsutomu  Araki’,  Yasushi  Nanishi*,  Akira  Suzuki^  and  Hiroyuki 
Naoi‘^;  Mlopt.  of  Photonics,  Ritsumeikan  Univ.,  Kusatsu,  Shiga, 

Japan;  ^Res.  Org.  of  Sci.  Eng.,  Ritsumeikan  Univ.,  Kusatsu,  Shiga, 
Japan;  *  Center  for  Promotion  of  The  21st  Century  COE  Program, 
Ritsumeikan  Univ.,  Kusatsu,  Shiga,  Japan. 

A  newly  established  narrow  band  gap  for  indium  nitride  (InN)  means 
that  the  indium  gallium  nitride  system  of  alloys  (InxGal-xN)  covers 
the  almost  full  solar  sp<‘ctriim.  Therefore,  InxGal-xN  is  a  very 
nl  tractive  material  for  liigh-offlcieticy  solar  cells.  In  this  i>aper,  we 
characterized,  for  the  first  time,  photovoltaic  cells  using  n-InN/p-Si 
heterojunction  grown  by  radio  frequency  molecular  beam  epitaxy 
(R|--MI^K)  The  n-lnN/j)-Si  hoterojii action  was  formed  by  epitaxial 
n-lnN  films  grown  on  |»-Si{l  1 1)  and  p-Si(lOO)  substrates  using 
RK-hlRK.  The  substrates  were  of  p-lype  conductivity  with  a 
resistivity  of  0.02- 10  firm.  TTiickness  of  Si  substrates  was  370-530 
mm.  Growth  rate  of  InN  films  was  approximately  250  nin/h.  The 
surface  morphology  of  InN  films  was  smooth  and  flat.  The  material 
employed  for  ohmic  contacts  was  Aluminum,  which  was  deposited  by 
conventional  vacuum  evaporation.  On  the  surface  of  InN  Aims, 
circular  electrodes  with  a  <liameter  of  1  mm  were  formed;  the  back 
side  of  Si  substrate  was  entirely  covered  by  the  electrode.  The  size  of 
the  sample  w-as  0.5  cm  x  0.5  cm.  Dark  I-V  characteristics  and  I-V 
characteristics  in  an  air  mass  1.5  global  (AM  1.5G)  condition  using  a 
solar-simulator  were  measured  at  room  temperature.  The  dark  I-V 
characteristics  showed  clear  rectifying  characteristics.  The  I-V 
characteristics  in  an  AM  1 .5G  condition  showed  a  photovoltaic  effect. 
The  short-circuit  current  was  Jsc=3.95  mA/cm2  and  the  open-circuit 
voltage  was  Voc=0.083  V.  Further  studies  should  be  necessary  for  the 
improvement  of  the  photovoltaic  properties,  but  these  results  clearly 
demonstrate  for  the  first  time  the  potential  for  realization  of  solar 
cells  using  InN-based  materials. 

Y10.72 

Low> Temperature  Epitaxial  Growth  of  Ultrasmooth  AIN 
Films  on  Sapphire  Substrates  by  Laser  MBE.  Jin  Liu*.  Atsushi 
Sasaki*,  Siuihei  Sato*,  Norihiro  Tateda*,  Mamoru  Yoshimoto*, 

Masaru  Yaniada*,  Tokuo  Yodo®  and  Keisuke  Saito®'*;  *  Materials  and 
Structures  Laboratory,  Tokyo  Institute  of  Technology,  Yokohama, 
Kanagawa,  Japan;  ^Osaka  Institute  of  Technology,  Osaka,  Japan; 

‘  Spectris  <^o.  IMNalytrcal.  Tokyo,  Japan. 

So  far,  we  have  report f*d  the  room- temperature  epitaxial  growth  of 
several  oxide  films  l>y  la.ser  MBE,  i.e.  pulsed  la.ser  deposition  in 
ultrahigh  vacuum.  Laser  MBE  technique  supplying  highly-excited  film 
precursors  was  verified  to  be  useful  for  low- temperature  epitaxial 
growth  of  films.  On  the  other  hand,  we  have  examined  the  polarity  of 
wurtzite  GaN  films  using  in-situ  coaxial  impact  collision  ion 
scattering  spectroscopy  (CAICISS),  in  order  to  elucidate  the 
atomic-scale  growth  behavior  of  nitride  films.  In  this  paper,  we  report 
on  the  low-temperature  (clo.se  to  room-temperature)  epitaxial  growth 
of  ultrasmooth  AIN  films  by  laser  MBE  method  using  AIN  target  as 
well  as  on  the  polarity  characterization.  AIN  thin  films  were  deposited 
on  sapphire  (0001)  substrate  without  or  with  buffer  layers  by  laser 


MBE  with  KrF  excimer  hwer  ( vvavelengtli;  248  nm,  20  us  duration,  5 
Hz).  The  films  were  rharactcriz*-d  by  RHRRD,  CAIGISS,  XRD,  AFM, 
lUhi  SEM.  Ill  the  ciiMe  of  using  h  buffer  layer  of  NiO  iiltmthiii  fUiti  (H) 
tini  thick)  wc  could  grow  the  epitaxial  AIN  film  at  room-temperature. 
The  RHEED  pattern  of  as-deposited  AIN  film  was  streaky,  and  XRD 
analysis  indicated  that  AIN  films  grew  cpitaxilly  with  (0001) 
orientation.  Surface  morphology  of  the  AIN  epitaxial  films  grown  at 
room- temperature  showed  the  atomic  step  structure  with  ultrasmooth 
terraces.  We  also  present  the  effects  of  buffer  layers  and  substrate 
nitridation  on  the  growth  direction,  -f-C  or  -C  of  AIN  epitaxial  films. 

Y  10,73 

Growth  of  (Oa,Mtt)N  n  Oiluiefl  Mngiietic  Seitiiroiiflii(rt(»r  by 
Choitiical  Beaiii  E|>itaxy  (COE).  Angela  Carreno* ,  (.Tiris  Boney^, 
Alexander  Litvinchuk®  and  Abdelhak  Bensaoula®;  ‘Chemistry 
•TeSAM,  Univ,  of  Houston,  Houston,  TV-xas;  ^IMiysic.s  -  T’eSAM,  Uiiiv. 
of  Iloiislon,  llon.ston,  TV-xa.s;  '^Raman  Spectroscopy-T'eSAM,  Univ.  of 
Houston,  Houston,  Texas. 

The  GaN  material  system  is  a  very  promising  candidate  for  the 
realization  of  electronic  devices  based  on  diluted  magnetic 
semiconductor  (DMS)  films.  The  incentive  behind  studying  DMS 
materials  is  their  potential  to  form  high-density  magnetic  memory 
integrated  IC’s,  semiconductor  based  magnetic  sensors,  magneto 
optical  devices  for  communication  systems,  and  other  spin- based  and 
photonic- based  applications.  Many  reports  have  indicated  that  high 
doping  levels  of  Mn  in  GaN  lead  to  ferromagnetic  materials  with 
Curie  temperatures  at  or  above  room  temperature.  To  date  (Ga,Mn)N 
has  been  fabricated  by  several  epitaxial  and  non-epitaxia)  techniques. 
However  to  our  knowledge,  we  are  the  first  to  report  the  epitaxial 
growth  of  (Ga,Mn)N  by  CBE.  (Ga,Mn)N  has  been  grown  on  sapphire 
substrates  using  TEG,  NHa,  and  solid  Mn  as  precursors.  Bright  2D 
RHEED  images  exhibiting  the  six-fold  streaky  (1x1)  patterns  have 
been  obtained,  suggesting  retention  of  the  wurtzite  structure.  Very 
smooth  (Ga,Mn)N  films  have  been  grown  with  Mn  concentrations 
between  0. 5-2.0%  as  determined  by  EMPA  and  XPS.  XPS  depth 
profiling  verifies  that  the  Mn  is  of  uniform  concentration  throughout 
the  films  and  XRD  scans  have  not  detected  the  presence  of  secondary 
phases  besides  the  wurtzitic  structure.  In  addition  to  RHEED,  the 
CBE  chamber  employs  two  Time  of  Flight  Ion  Scattering 
Spectroscopy  techniques,  Direct  Recoiled  Spectroscopy  (DRS)  and 
Ma.ss  Spectroscopy  of  Ib-eoiled  Ions  (MSRI).  MSRI  has  been  used  as 
an  in-situ,  real  time  technique,  which  allows  the  surface  composition 
information  of  film  components  and  impurities  to  be  determined 
during  the  growth  proce.ss.  MSRI  has  been  used  to:  l)monitor  the 
efliciency  of  ih»-  degassing  prc>e/-ss  in  removing  carbon  impurities  from 
sapphire;  2)a.ssnre  preparation  of  a  completely  nitridaled  sapphire 
substrate  surface;  3)prepare  a  continuous,  high  quality  GaN  buffer 
layer  on  the  nitridaled  sapphire  substrate;  and  4)detect  the 
incorporation  of  Mn  into  the  GaN  matrix  in  order  to  correlate  Mn 
incorporation  rates  with  growth  parameters.  DRS  is  also  capable  of 
determining  structural  characteristics  of  the  outermost  atomic  layers 
of  the  surface.  Scattering- recoiling  scans  at  a  grazing  angle 
determined  that  all  samples  are  metal  polar.  This  was  confirmed  by 
chemical  etching.  The  GaN  surface  periodicity  determined  by  plotting 
the  relative  intensity  as  a  function  of  the  azimuthal  rotation  was 
consistent  to  published  data  by  Ahn  et  at.  Data  from  (Ga,Mn)N 
surfaces  are  being  analyzed  to  establish  any  distortion  of  the 
crystalline  structure  due  to  Mn  inclusion.  Room  temperature  Raman 
spectra  showed  characteristic  GaN  signals  in  addition  to  two 
unreported  previously  peaks  appearing  in  all  (Ga,Mn)N  samples  at 
695.3  and  763.8  cm”‘.  Detailed  analysis  of  these  signals  and  their 
possible  correlation  with  Mn  concentration  is  being  established. 
Magnetic  properties  characterization  of  the  (Ga,Mn)N  films  is 
currently  underway  and  will  be  reported. 

Y  10.74 

Properties  of  Crucible  Materials  for  Bulk  Growth  of  AIN. 

Glen  Slack*’^,  Jon  Whitlock*,  Kenneth  Edward  Morgan*  and  Leo 

Schowalter*’®;  *  Crystal  IS,  Inc.,  Crystal  IS,  Inc.,  Watervliet,  New 
York;  ^Physics,  RPI,  Troy,  New  York. 

A  variety  of  different  crucible  materials  have  been  suggested  and/or 
employed  for  the  sublimation-condensation  growth  of  AIN  single 
crystals  above  2000  <^  Representative  materials  all  have  molting 
points  well  above  2300  C,  a  reasonable  degree  of  chemical 
compatibility  with  AIN,  relatively  low  vapor  pressures,  and  relatively 
small  thermal  expansion  coefTicients.  We  analyze  the  current  state  of 
knowledge  on  crucible  materials  such  as  C,  W,  Re,  W-Re  alloys,  BN, 
HfN,  HfC,  NbC,  TaC,  Ta2C,  TaN,  ZrC  and  ZrN  with  respect  to 
published  bulk  AIN  growth  conditions.  Crucible  materials  pyrolytic 
graphite,  pyrolytic  BN,  and  W  have  integrated  thermal  contraction 
values  (upon  cooling  from  growth  temperatures)  that  are  less  than 
that  of  AIN;  the  other  materials  have  larger  values.  The  lowest  vapor 
pressure  materials  in  a  nitrogen  atmosphere  are  W,  TaC,  and  Re;  thus 
they  are  expected  or  have  been  shown  to  yield  higher  purity  crystals 
than  the  other  candidates.  The  materials  C,  BN,  Hf,  and  ZrN  yield 
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higher  impurity  levels  in  the  AIN  crystals. 

Y10.76 

Synthesis^  Stnictiirc  luid  Liimnicscence  of  Orightnoas 
Gallium  Nitride  Powder.  Rafael  Garcia.  Abigail  Bell,  Michael 
Stevens  and  Fernando  A  Ponce;  Physics  &  Astronomy,  Arizona  State 
University,  Tempe,  Arizona. 

Highly  luminescent  GaN  powders  have  been  synthesized  by  reacting 
high  purity  gallium  metal  with  ultra-high  purity  ammonia.  The 
resulting  GaN  powders  are  thousands  of  times  more  cathode-  and 
photo- luminescent  than  other  GaN  powders  including  commercially 
available  material.  Their  luminescence  intensities  are  comparable  to 
that  of  GaN  grown  by  hydride  vapor  phase  epitaxy.  GaN  powders 
have  many  possible  applications  including  electroluminescent  lamps  in 
appliances  such  as  cell  phones  and  car  dash  boards.  GaN  powders  can 
also  be  used  as  precursors  for  growth  of  GaN  thin  films  by  pulsed 
laser  deposition.  Some  improvements  have  been  made  on  the  synthesis 
route  developed  by  Johnson  Our  improved  method  produces 

hexagonal  GaN  powders  with  high  luminescence  efficiency  without  the 
need  for  post-growth  treatment.  The  material  has  been  obtained  by  a 
complete  reaction  between  high  purity  gallium  metal  (99.999%)  and 
ultra-high  purity  ammonia  (99.9995%)  in  a  horizontal  quartz  tube 
reactor  at  1000  ®C.  The  powders  produced  in  this  reactor  consist  of 
jight  grey  micro-crystals  with  wurtzite  structure.  Elemental  analysis 
indicate  that  the  powders  obtained  by  this  method  have  a  high 
nitrogen  concentration  (more  than  stoichiometric  GaN,  16.73%). 
I»owder  X-ray  diffraction  demonstrates  that  the  material  has  a  high 
purity  and  single  crystalline  structure.  Electron  micro.scopy  shows 
that  the  powders  consist  of  at  least  two  kinds  of  particles,  small  sized 
platelets  and  large  sized  needles.  The  GaN  powders  obtained  by  this 
method  produce  high  efficiency  ultra-violet  luminescence  around  370 
fiin  (.3.35  cV,  iK-ar  baiid-odgf  emission)  when  they  are  exrit.ed  by 
aee<?|<rrated  <‘lecl.ron.s  (eatluxloluininesconce)  or  by  high  energy 
photons  (photolumino.sconcc)  at  room  temperature.  {!]  W.C.  Johnson, 
J.B.  Parsons,  and  M.C.  Crew,  J.  Phys.  Chem.,  36,  2651  (1932). 

Y10.70 

Ultra-Thill  Silicon  Nitride  Layers  for  GaN  Epitaxy  on 
Si(  1 1 1 ) .  Thomas  Schmidt  * .  Torben  Clausen*,  Subh^t5his 
Gangopadhyay*,  Jens  Falta*,  Luca  Gregoratti^,  Maya  Kiskinova^  and 
Stefan  lloun  ;  ’in.stitute  of  Solid  State  Physics,  University  of  Bremen, 
Bronion,  (lormany;  ^Sincrotrone  TVicste,  Basovizza,  Italy. 

Silicon  nitride  layers  with  a  thickness  of  <2  nm  grown  on  Si(l  1  ()  have 
been  characteriz^'d  with  re.sp#‘Ct  to  their  chemical  aiuf  slriictiirnl 
properties! employing  microscopy,  spectroscopy,  and  diffraction 
techniquo.s.  3'he  films  were  grown  by  reactive  N  deposition  from  rf  and 
E<^R  plasma  sources  at  substrate  temperatures  ranging  from  700"  C 
to  1050*’  c;,  I'Vom  scatiiting  tunneling  micro.scopy  (S'l'M) 
measurenients  at  subinoiiolaycr  coverages,  the  formation  of  a  well 
ordered  interface  is  observed.  The  persistence  of  the  surface 
reconstruction  up  to  the  saturation  thickness,  as  observed  by  low 
energy  electron  diffraction,  revells  a  crystalline  growth.  Integral  and 
.spatially  resolved  x-ray  photoemission  spectroscopy  measurements  are 
in  agreement  with  a  homogenous  Si3N4  stoichiometry.  The 
spectromicroscopy  results  imply  an  increased  roughness  of  the  nitride 
layers  at  high  deposition  temperatures.  This  is  confirmed  by  the 
investigation  of  the  film  morphology  by  in-situ  STM  and  ex-situ 
AFM.  At  lower  temperatures,  the  films  arc  homogenous  and  almost 
atomically  smooth.  In  addition,  such  Si3N4  layers  have  been  used  as 
buffer  layers  for  subsequent  growth  of  GaN  films.  First  STM  and 
x-ray  scattering  results  are  presented. 
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8:30  AM  Yll.l 

Gate  leakage  suppression  and  contact  engineering  in  nitride 
hcterostriictures.  Yuh-Rcnn  Wu* ,  Madhusudan  Singh* ,  Jasprit 
Singh*  and  Umesh  K  Mishra*;  *  Electrical  Engineering  and  Computer 
Science,  University  of  Michigan,  Ann  Arbor,  Michigan;  ^Electrical  and 
Comptilcr  Engineering,  University  of  California,  Santa  Barbara, 
(California. 

In  conventional  semiconductor  junctions  between  metals  and 
semiconductors,  the  properties  of  the  junction  can  only  be  altered  by 
doping  once  a  metal  and  semiconductor  are  chosen.  In  polar 
semiconductors  where  fixed  interface  charge  can  be  produced,  the 
junction’s  properties  can  be  tailored  to  range  from  Ohmic  to  tunneling 
to  blocking  by  small  changes  in  design.  In  this  work,  we  will  present 
results  of  a  self  consistent  model  of  current- voltage  characteristics  in  a 
metal-polar  semiconductor  junctions.  It  is  known  that  due  to  a  very 


strong  piezoelectric  efh  et  and  large  spontaneous  polarization  in 
nitrides,  fixed  charge  densitie.s  m  liigh  ns  5x10*®  cm“®  can  exist  at 
the  interface,  as  a  re.su It  of  its  polar  nature.  An  even  stronger  degree 
of  polarization  exists  in  ferroelectric  materials.  These  charges  can 
cause  very  large  band  bonding  and  possibly  induce  a  two  dimensional 
electron  or  hole  gas.  T'o  study  nitride  and  ferroelectric  junctions  and 
consider  the  effect  of  adding  high-x  layers,  we  have  developed  a  new 
model,  the  drift-diffusion-charge-control  model,  which  is  an 
improvement  on  our  earlier  charge  control  model.  It  addresses  charge 
control  as  well  as  transport  through  tunneling  and  drift-diffusion. 
This  model  is  applied  to  examine  properties  of  three  classes  of 
junctions  that  are  important  in  devices:  i)  metal/AIGaN/GaN 
structures  that  are  used  in  nitride  heterojunction  field  effect 
transistors;  ii)  metal/high-K  insulator/GaN/AlGaN  structures  for 
potential  applications  In  very  small  gate  devices  to  suppress  gate 
tunneling  current;  iil)  mctal/polar  insulator/GaN/AlGaN  junction 
with  practical  application  for  low  source  resistance  regions.  The 
physical  parameters  used  for  high-K  dielectrics  and  polarization 
charges  reflect  values  typically  found  in  ferroelectric  materials.  Some 
of  the  key  results  of  our  studies  are:  i)  extremely  low  resistance, 
undoped  Ohmic  contacts  can  be  formed  on  large  band  gap 
semiconductors  if  20 A  of  a  high  quality  polar  material  with  a 
polarization  value  of  10*'*cm"’^  can  be  incorporated.  We  find  that  the 
tunneling  current  density  is  increased  by  a  factor  of  nearly  10®  (in 
either  bisus  condition)  when  compared  to  the  structure  without  any 
polar  layer.  Using  such  undoped  contact  techniques  would  have  a 
major  effect  on  large  band  gap  semiconductor  contact  technology;  ii) 
Highly  non-linear  junctions  with  taiiorable  turn-on  voltages  can  be 
designed  by  choosing  a  barrier  layer  thickness  within  a  certain  range. 
Below  this  range,  the  junction  becomes  blocking;  iii)  Up  to  four  orders 
of  magnitude  of  current  suppression  can  occur  with  the  use  of  a  thin 
high-fc.  (^30)  region.  This  reduction  can  occur  with  essentially  no 
change  in  the  caparitarirc-voltago  characteristics  of  the  junction. 

8:45  AM  Yll,2 

Formation  of  thin  GaN  microdisks  supported  by  InGaN 
pedestals  using  photoelectrochemicaj  etching. 

Elaine  D  Haberer*.  Andreas  Stonas®,  Rajat  Sharma*,  Shuji 
Nakamura*,  Steve  DenBaars*  and  Evelyn  L  Hu®;  *Materials  Dept., 
UCSB,  Santa  Barbara,  California;  ^Electrical  and  Computer 
Engineering  Dept.,  UCSB,  Santa  Barbara,  California. 

Microdi.sks  have  been  used  in  GaAs  and  InP  materials  to  form 
extremely  high  quality  resonators  for  optical  devices,  ultimately 
resulting  in  low-throshohl  lasing.  A  microdisk  Is  a  thin  .semiconductor 
disk  siirroiind<d  by  a  Iow«t  in<h*x  ntaterinl.  I'hrotigh  total  internal 
reflection,  tlie  circjilar  geometry  of  the  disk  gives  rise  to  low  loss 
whispering  gallery  modes  (WGMs)  which  propagate  along  the 
periphery  of  the  di.sk.  The  G.aN  material  system  is  well-suited  for  the 
microdisk  structure  because  other  mirror  geometries  sucli  ns  cleaved 
mirrors  and  several  period  epitaxial  mirrors  can  be  problematic.  The 
difficulty  in  forming  a  GaN  microdisk  is  the  ability  to  optically  isolate 
the  disk.  In  other  material  systems  optical  isolation  of  the  WGMs  is 
generally  achieved  by  using  a  selective  wet  etch  to  lift-off  or  undercut 
the  disk,  forming  a  pedestal.  Because  GaN-based  materials  do  not 
have  a  simple  wet  etch,  we  must  use  another  method  to  optically 
isolate  the  disk.  We  have  chosen  to  use  InGaN/GaN  bandgap  selective 
photoelectrochemical  etching  (PECE).  In  this  technique,  the  sample  is 
immersed  in  an  electrolyte  solution  and  exposed  to  filtered  light  from 
a  Xe  lamp.  The  filter  allows  photons  with  energy  less  than  the 
bandgap  of  GaN  to  pass,  generating  electrons  and  holes  in  the  InGaN. 
The  holes  drift  to  the  InGaN /electrolyte  interface  where  they  drive 
the  photo- induced  etch.  In  previous  studies,  we  have  used  a  single 
composition,  100  nm  Ino.i^Gao.asN  sacrificial  layer  with  KOH  as  the 
electrolyte  to  lift-off  1  micron  thick  GaN  microdisks.  Because  of  finite 
selectivity  and  non-optimized  etch  conditions,  the  undercut  surface 
was  so  rough  it  was  necessary  to  use  chemical -mechanical  polish  to 
smooth  the  disk  following  lift-off.  In  the  latest  research  we  have 
explored  several  different  PECE  conditions  and  have  designed 
different  epitaxial  structures  for  the  sacrificial  layer.  We  have  found 
that  we  can  significantly  reduce  the  roughness  of  the  undercut  by  (1) 
increasing  the  InGaN/GaN  selectivity  using  HCl  as  the  electrolyte 
and  (2)  more  uniformly  confining  the  holes  using  an 
Ino.o-iCao.ssN/Ino.osCao.siN  superlattice.  We  have  fabricated  120  nm 
thick  GaN  microdisks  which  do  not  require  lift-off  and  polishing,  but 
actually  sit  upon  220  nm  InGaN  pedestals.  This  study  explores  the 
optical  emission  of  the  GaN  microdisks. 

9:00  AM  Y11.3 

Vanadium- Based  Ohmic  Contacts  to  High  AI  Fraction  AlGaN. 
Jimmy  H.  Wang*,  Sammy  H.  Wang*,  Russell  D.  Dupuis®,  Uttiya 

Chowdhury®  and  Suzanne  B.  Mohney*;  *  Department  of  Materials 
Science  and  Engineering,  The  Pennsylvania  State  University, 

University  Park,  Pennsylvania;  ^University  of  Texas,  Austin,  Texas. 

As  group  HI  nitride  emitters  are  developed  for  operation  at  shorter 
wavelengths,  there  is  a  need  for  ohmic  contacts  to  n-type  AlGaN  with 
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higlirr  Al  rractioiifl,  Tor  !»-AI(..4H<'an.n«N  and  n- AIn.fl<Ia„  .(N,  wr 
prcvionjily  coinf>arc<l  Ti/AI/Pt/Au  olmiic  contacts  (fiiniilar  to  those 
nsed  for  n-GaN  and  nitride  HBMTs)  to  a  new  V/Al/Pt./Au  contact. 

In  both  rnses,  the  optiiiiiy.*^]  contact  with  V  as  the  first  layer  ]»rovi<le<I 
a  lower  specif'K-  contact  r<‘sistance  atul  roqiJtre<l  lower  annealing 
temperatures  than  did  the  optimized  contact  with  'I'i  as  the  first 
layer,  On  n*  Ala.st  lao.^N,  a  specific  contact  resistance  of  -1  x 
Ohm  cin'^  was  achi<*ve<l.  In  this  prosentalion,  we  deserilv  'I'KM  and 
AFM  characterization  of  the  V/AI/Pl/Au  contact  as  well  as 
successful  efforts  to  reduce  the  specific  contact  resistance  and  improve 
upon  the  surface  morphology  of  our  contacts.  Through  1'EM,  we 
learned  that  the  interface  between  the  annealed  V/Al/Pt/Au  contact 
and  Alo.ftCao.^N  is  planar  and  that  consumption  of  the 
semiconductor  by  the  metallization  is  minimal.  However,  the  surface 
of  the  contact  is  not  very  smooth,  with  an  RMS  roughness  of  110  nm 
measured  by  AFM.  By  replacing  the  Pt  layer  with  Pd  and  optimizing 
the  layer  thicknesses,  we  were  able  to  reproducibly  reduce  the  specific 
contact  resistance  by  an  order  of  magnitude,  providing  an  average 
specific  contact  resistance  of  3  x  10“^  Ohm  cm^.  Initial  experiments 
indicate  that  replacing  the  Pt  with  V  also  allows  us  to  reduce  the 
specific  contact  resistance  and  improve  upon  the  surface  morphology 
of  the  contacts.  Further  characterization  of  the  contacts  by  TEM  is 
underway  to  provide  a  comparison  between  the  metal/semiconductor 
intorfaces  of  the  contacts  in  an  effort  to  understand  why  some  of  the 
metallization  schemes  provide  a  lower  contact  resistance  than  others. 

0:16  AM  Y11.4 

Reduction  of  the  p-type  contact  resistance  in  GaN-based 
laser  diodes.  Andreas  Weimar.  Alfred  Lell,  Andreas  Leber,  Stephan 
Miller,  Volker  Kuemmler,  Georg  Bruederl  and  Volker  Haerle;  OS  T2, 
OSRAM  Opto  Semiconductors,  Regensburg,  Germany. 

For  GaN- baaed  laser  diodes  there  will  be  various  applications  in  near 
future  like  optical  data  storage,  laser  printing  and  projection  displays. 
At  OSKAM  Opto  Semicondtictors,  blue  laser  diodes  are  developed 
since  lf>p8,  which  led  to  the  first  continuous  wave  operation  in  Europe 
in  2001.  'Phe  (Ai,(ia,lii)N-eompoiind  semi<*on<luctor  layers  aiv*  grown 
l>y  MOV  PE  on  2-inch  Sit^substrates.  'Phe  comparison  of  published 
laser  diode  lifetimes  of  various  groups  leads  to  the  conclusion  that  the 
most  litniting  factors  for  the  laser  diode  lifetime  are  the  high 
<li.sloration  density  as  well  as  the  heat  generation  by  electrical  losses. 

In  the  latter  case,  the  p-lype  contact  resistance  plays  an  important 
role  because  of  its  large  contribution  to  the  operation  voltage.  In  this 
work,  wo  present  results  of  systematic  investigations  concerning  the 
impact  of  technological  parameters  on  the  specific  contact  resistance 
including  the  choice  of  the  contact  metal  with  regard  to  its  work 
function,  the  p-GnN  siirface  preparation,  hydrogen  incorporation  by  a 
typical  PE<.^VI>- process  as  well  as  the  dependence  of  the  contact 
resistaiire  on  the  Mg-<loping  concentration.  1‘he  results  of  these 
investigations  were  implemented  in  the  |>-t.ype  cojitact  technology  of 
laser  diodes.  By  those  changes,  the  operation  voltage  of  the  laser 
diodes  was  lowered  from  33  V  to  6  V.  The  reduction  of  the  operation 
voltage  and  thus  the  operation  power  was  an  essentia!  contribution  to 
the  increase  of  the  laser  diode  lifetime  to  the  current  best  value  of  H3 


0:30  AM  Y11.6 

Influence  of  metal  thickness  to  sensitivity  of  Pt/GaN 
Schottky  diodes  for  Gas  sensing  applications.  V'inayak  Tilak  ’ , 
Maj<leddin  Ali^,  Volker  Cimalla^,  Peter  Sandvik* ,  Jeff  Fedison* , 
Oliv/'r  Ambacher®  and  Danielle  Merfeld*;  *GE,  Global  Research, 
Niskayuna,  New  York;  ^Center  of  Micro-  and  Nanotechnologies, 
Technical  University  Ilmenati.  limenau,  Thuringia,  Germany. 

A  hydrogen  gas  sensor  based  on  a  Pt/GaN  Schottky  diode  structure 
was  fabricated  and  the  behavior  of  the  device  to  hydrogen  was 
studied.  Pt/GaN  Schottky  diodes  were  fabricated  on  Si  doped  GaN 
layer  (ND  =  DylO"*')  grown  with  a  thickness  of  3  /im  on  sapphire 
substrates.  Ohmic  contacts  were  processed  by  evaporating  Tl/Al 
metal  stacks  and  annealing  at  800C  for  1  minute  in  nitrogen 
atmosphere.  Three  different  sets  of  Schottky  diodes  were  fabricated 
each  with  80  A,  240  A  and  dOO  X  of  Platinum  as  top  contacts 
evaporated  using  e-beam  evaporation.  All  three  sets  of  devices  were 
passivated  using  silicon  dioxide.  Gold  bond  pads  were  evaporated  on 
the  Ohmic  and  Schottky  electrodes.  The  devices  were  then  wire 
bonded  to  a  16  pin  package.  An  external  heating  element  was  present 
in  the  package  to  which  the  device  was  mounted  on  in  order  to 
increase  the  temperature  of  the  device  up  to  365C.  The  electronic 
performance  of  a  0.25  x  0.25  mm^  Schottky  diode  was  tested  in  1  % 
by  volume,  hydrogen  gas  diluted  by  nitrogen  for  gas  sensor 
applications.  The  devices  were  operated  in  constant  current  mode  (5 
mA  constant  current)  in  a  forward  bias  condition.  The  temperature 
was  controlled  by  applying  a  constant  voltage  to  the  externa!  heater 
and  measuring  the  temperature  using  a  thermocouple.  The  change  in 
voltage  of  the  diode  at  a  fixed  current  was  monitored  with  the  diode 
exposed  to  hydrogen  and  for  comparison  to  dry  air  at  different 
temperatures.  The  response,  as  measured  by  the  change  in  voltage 


inrroase<i  as  the  ihickiieHs  of  the  Schottky  metal  contact  decreased  at 
any  given  temperature.  For  example  at  365(‘,  the  exposure  of  the 
Pt/GaN  diode  by  hydrogen  for  the  80  X,  240  X  and  400  X  Schottky 
metal  contacts  caused  a  response  of  328  mV,  240  mV  and  103  mV, 
respectively,  hirthermore,  tlie  sensitivity  increased  with  increasing 
temperature  for  all  Pt  thickness  starting  from  room  temperature  to 
310(!,  b<*yoii<l  which  tlie  sensitivity  decreased  for  tl»e  240  X  and  400  X 
Schottky  coiitnet  devie.  H.  'Phe  sensitivity  of  the  80  X  Schottky  contact 
devices  continues  to  increase  up  to  355C,  the  temperature  to  which 
these  meastiremerits  w<Te  performed.  3'he  trerul  of  incr<*asing  n-sponse 
with  decreasing  thickness  was  also  observed  in  0.5  x  0.5  mm*  aii<l  1.0 
X  1.0  mm^  size  Schottky  diodes.  The  increase  in  sensitivity  to  decrease 
in  thickness  points  to  the  dissociation  of  molecular  hydrogen  on  the 
surface,  the  diffusion  of  atomic  hydrogen  through  the  bulk  platinum 
and  the  adsorption  of  hydrogen  to  the  surface  as  a  possible  mechanism 
of  sensing  of  hydrogen  by  Schottky  diodes  {!].  Very  likely,  the  thinner 
metal  facilitates  the  easier  diffusion  of  atomic  hydrogen  through  the 
bulk  platinum  cau.sing  a  higher  sensitivity.  Reference:  [l]  J.  Schalwig, 
G.  Muller,  U.  Karrer,  M.  Bickhoff,  O.  Ambacher,  M.  Stutzmann,  L. 
Gorgens,  G.  Dollinger,  Appl.  Phys.  Lett.  80,  1222  (2002). 

0:46  AM  Yll.C 

Low  resistance  ohmic  contacts  to  AIGaN/GaN 
hetcrostructure  field  effect  transistors.  Deepak  Selvanat.han, 

Asrat  Tesfayesus,  Vipan  Kumar  and  Ilesanmi  Adesida;  Electrical  and 
Computer  Engineering,  University  of  Illinois,  Urbana,  Illinois. 

Wide  bandgap  GaN-based  heterostructure  semiconductors  are  of 
interest  in  the  area  of  high  frequency,  high  temperature  and  high 
power  electronic  device  applications.  High  quality  ohmic  contacts  with 
low  contact  resistance  (<  0.5  fl-mm)  are  essential  to  fabricate  such 
high  performance  devices.  l'i/Al/1'i/Au,  Ti/AI/Ni/Au  and 
Ti/Al/Pt/Aii  metallization  schemes  are  the  standard  approach  to 
achieve  low  resistance  ohmic  contacts  to  AIGaN/GaN  heferostructure 
field  effect  transistors  (HFETs).  Previously,  we  had  proposed  the  use 
of  Ti/Al/Mo/An  ohmic  metallization  scheme  for  formation  of  ohmic 
contacts  on  AIGaN/<;aN  IIFF/I's  'Phes^*  contacts  exhibit  low  cont,vi 
resistance  of  0.20  fl-mm  aiul  are  thermally  stable  for  25  h  at  GOO  0(.!. 

In  this  work,  we  compare  the  ohmic  characteristics  of  Ti/Al/Mo/Au, 
V/AI/Mo/Au  and  Mo/AI/Mo/Au  metallization  schemes  on 
AIGaN/GaN  MF'ET's.  The  ohmic  performance  of  the  contacts  is 
characterized  ba.scd  on  transfer  length  measurements  (''PLM)  and 
current -volt age  (1-V)  measurements.  The  variation  of  contact 
resistance  and  specific  contact  resistivity  of  the  ohmic  contacts  has 
been  studied  as  functions  of  the  anneal  temperature  for  the  three 
metallization  schemes.  From  the  TLM  measurements,  Ti/AI/Mo/Au 
ohmic  contacts  exhibit  low  contact  resistance  with  a  value  of  about 
0.25  R-mm  when  annealed  at  850  0C.  V/Al/Mo/Au  ohmic  contacts 
exhibit  high  surface  roughness  and  poor  edge  acuity  when  annealed  at 
high  temperatures  with  a  contaet  resist.ance  of  0.35  S2-inm  aiul 
Mo/AI/Mo/Au  ohmic  contacts  are  more  stable  with  a  contact 
resistance  of  0.27  fl-mm.  Results  on  our  investigation  of  the  long-term 
thermal  stability  of  these  contacts  at  higher  temperatures  will  be 
presented.  The  surface  morphologies  of  the  three  types  of  ohmic 
contacts  are  characterized  using  atomic  force  microscopy 
measurements.  The  internietallic  reactions  occurring  during  ohmic 
contact  formation  are  studied  using  Auger  electron  spectroscopy 
(AES).  Ohmic  contact  formation  mechanisms  for  AIGaN/GaN  HFETs 
will  be  discMS.sed 

10:30  AM  »Y11.7 

Ohmic  contact  to  n-type  and  p-type  (AI)GaN  semiconductors. 
Ilesanmi  Adesida.  Deepak  Selvanathan  and  Hyun-Kyong  Cho; 
Department  of  Electrical  and  Computer  Engineering,  University  of 
Illinois  Urbana-Champaign,  Urbana,  Illinois. 

The  direct  bandgap  of  GaN-based  semiconductors  have  made  them 
attractive  materials  for  the  realization  of  a  wide  range  of 
optoelectronic  devices.  Examples  of  devices  that  are  either 
commercially  available  or  have  been  demonstrated  include  short 
wavelength  light  emitting  diodes  (LEDs),  solar  blind  detectors,  and 
laser  diodes  which  have  applications  in  white  light  illumination, 
bio-chemical  agent  sensing,  solar  UV  detection,  missile  detection, 
flame  and  heat  sensing,  ozone  monitoring,  and  remote  sensing. 

Materials  growth  and  device  processing  are  still  critical  issues  in 
terms  of  obtaining  highly  efficient  GaN-based  optoelectronic  devices. 
The  realization  of  highly  reliable,  thermally  stable,  low  resistance 
ohmic  contacts  to  both  n-typo  and  f>type  GaN-based  semiconductors 
is  essential.  To  date,  the  formation  of  contacts  to  AIGaN  with  high  Al 
concentration  remain  a  challenge  for  various  reasons.  In  this  paper,  we 
will  describe  our  work  on  ohmic  contact  formation  on  both  n-type  and 
p-type  AIGaN  of  various  Al  concentrations.  Results  on  n-type  contact 
formation  using  Ti/AI/Mo/Au  and  other  metallization  schemes  will 
be  presented.  Contact  formation  to  p-type  AIGaN  using  Pd-based 
metallization  schemes  will  be  presented.  Issues  of  thermal  stability  of 
these  contacts  will  be  discussed.  The  efficacy  of  various  surface 
treatment  schemes  for  GaN  and  AIGaN  to  improve  the  ohmic 
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performance  of  the  contacts  will  be  discussed.  Comprehensive  studies 
are  being  performed  to  compare  the  effects  of  various  surface 
treatment  schemes,  which  include  both  plasma  and  wet  processes  on 
the  electrical  and  material  characteristics  of  GaN  and  AIGaN 
semiconductors.  Further,  the  mechanism  of  formation  of  ohmic 
contacts  in  these  semiconductors  will  be  discussed.  This  work  was 
supported  by  DARPA  and  ONR  Grants. 

11:00  AM  Yll,8 

GaN  Microstriirfciires  Formed  hy  Polarity-Solectivc  Clieiiiica] 
Etcliing.  Arcf  Chowdhury.  Hock  M.  Ng,  Wolfgang  Par/  and  Nils  G. 
Weiinann;  Dell  Laboratories,  Murray  Hill,  New  Jersey. 

'I'he  ability  to  fabricate  niicrostructures  such  as  photonic  crystals  is  of 
importance  because  these  structures  enable  us  to  control  and 
manipulate  the  behavior  of  light.  As  such,  it  is  desirable  to  fabricate 
GaN  microstnictures  because  of  the  material's  wide  window  of 
transparency  from  Sn-fi  nm  -  13.6  /:m.  However,  the  strength  of  the 
Ga-N  bond  (8.92  eV/atom)  results  in  the  material  being  chemically 
very  stable.  Thus,  the  focus  of  research  for  attaining  reasonable  etch 
rates  has  been  on  dry  etching  techniques  such  as  reactive  ion  etching, 
inductively  coupled  plasma  etching  and  chemically-assisted  ion  beam 
etching.  However,  mask  erosion  during  the  dry  etching  process  results 
in  slanted  sidewalls  for  etch  depths  greater  than  1  micron.  In  this 
work,  we  present  1-D  and  2-D  GaN  microstructures  fabricated  by 
polarity- selective  chemical  etching.  This  fabrication  technique  involves 
growing  a  patf^TU  of  <Ja-  and  N-polar  region.s  by  pla.srna-as»ist«'d 
inokriilar  beam  epitaxy  and  tlu  n  subjecting  ilje  sampl-  to  a  KOI  I 
solution.  The  process  does  not  require  an  etch  mask  as  the  KOI  I 
selectively  etches  the  N-polar  regions,  thus  forming  the  GaN 
microstructure.  Etch  depths  of  up  to  4  microns  have  been  achieved 
with  very  smooth  vertical  sidewalls.  The  particular  GaN 
microstructures  that  will  be  presented  are  a  1-D  grating  and  a  2-D 
lattice  of  hexagonal  holes. 

11:15  AM  Y11,0 

Dovicr  niul  Process  Optimization  of  AlGaN/GaN  Current 
Aperture  Vortical  Electron  TVansistors  (CAVET)  fabricated 
by  Pliotoclectrochciiiical  wet  etching.  Yan  Gao* .  Han 
Ren-Yaacov^,  Umesh  Mishra®,  Steven  DenBaars^’^  and  Evelyn  Hu^’^; 

Materials  Departnient,  llniversity  of  California,  Santa  Barbara, 

Santa  Barbara,  California;  ^Electrical  and  Computer  Engineering 
Department,  University  of  California,  Santa  Barbara,  Santa  Barbara, 
C-alifornia, 

We  have  previotisly  reported  that  fabrication  of  AlGaN/GaN  Current 
Ap«’rM»r«*  y<Tti»*nl  EI*'<*tron  'IVan.si.stors  (CAVETs)  foniifd  by 
pl‘^'’<>ri**tdlroehemtcal  (FE<  •)  wet  etching.  The  current  aperJure  in  oiir 
<.-AVETs  wa.s  formed  through  the  bandgap- selective  etching  of  a  thin 
(60  nm),  InGaN  sacrificial  layer  incorporated  into  the  device 
structure.  The  initial  device  results  showed  a  large  voltage  offset 
around  2-3V,  and  current  density  around  0.3A/mm  (ij.  The  offset  was 
related  to  the  large  electron  barrier  arising  from  the  built-in 
piezoelectric  field  in  the  unintentionally  doped,  strained  InGaN  layer. 
Doping  the  InGaN  layer  n-lype  should  screen  the  piezoel«*ctric  field, 
an<l  reduce  the  electron  bnrri«T,  however  this  change  in  the  material 
composition  dramatically  degraded  the  smoothness  and  selectivity  of 
the  KOH- based  PEC  etch  process  we  had  developed.  A  parallel  effort 
in  device  structure  design  and  PEC  process  development  resulted  in  a 
new  CAVET  device  having  significantly  reduced  offset  (0.7V),  with 
Imax  0.32A/mm,  and  gm=:67mS/mm.The  material  structure  was 
modified  to  remove  the  barrier  to  electron  flow  and  to  ensure  sufficient 
hole  confinement  to  enable  efficient  and  selective  PEC  etching.  The 
process  optimization  incorporated  a  variety  of  etchants  (KOH,  HCI, 
H2S0^/H202)  and  etching  conditions.  We  will  discuss  both  the 
device  and  procos.s  optimization,  as  well  as  the  RF  performance  of  this 
(•AVET.  [l]  Y.  Gao,  A.  R.  Stona.s,  I.  Ben-Yaacov,  U.  K.  Mishra,  S.  P. 
DonHaars,  E.  L.  Hu,  AlGaN/GaN  Current  Aperture  Vertical  Electron 
IVansistors  (CAVET)  fabricated  by  Photoelectrochemical  wet  etching, 
published  in  Electronics  Letters,  vol  39(1),  148-149  (2003) 

H:30  AM  Yll.lO 

I/a5erdiode  Facette  Degradation  Study. 

Ujrich  Theodor  Schwarz^ .  Thomas  Schoedi',  Volker  Kuemmler^, 

Alfred  Lell^  and  Volker  Haerle^;  'NWF  II  -  Physik,  Regensburg 
University,  Regensburg,  Germany;  ^Osram  Opto  Semiconductors 
GmbH,  Regensburg,  Germany. 

We  study  the  aging  behaviour  of  GaN  gain  guided  laser  diodes  on  SiC 
snbstratc.s  with  cleaved  facets  and  reflective  coatings  on  none,  one,  or 
both  facets.  This  allows  us  to  demonstrate  that  in  addition  to  volume 
effects  there  is  a  contribution  of  the  laser  facets  to  laser  degradation. 

We  ob.serve  tliat  for  the  uncoated  laser  diodes  the  threshold  current 
density  is  increasing  considerably  faster  compared  to  laser  diodes  with 
mirror  coalings.  Also  for  the  uncoated  laser  diodes  with  increasing 
threshold  the  differential  gain  is  decreasing.  This  is  consistent  with  an 
iiirea.se  in  absorption  at  the  la.ser  facet.  Degradation  is  ob.served 


during  operation  but  not  during  storage  at  ambient  conditions  and 
thus  expected  to  be  photon  or  current  induced.  Judging  from  ongoing 
aging  studies  we  tend  to  exclude  two  possible  mechanisms  of  facet 
degradation,  (a)  Recombination  enhanced  defect  generation.  For  this 
mechanism  degradation  would  increase  with  photon  density.  We 
compare  aging  me;usureincnts  at  a  constant  current  which  is  above 
threshold  for  the  laser  diodes  with  mirror  coatings  and  below 
threshold  for  the  uncoated  laser  diodes.  Because  the  degradation  is 
slower  for  la,sers  with  mirrors  which  are  lasing  during  aging  and  thus 
hav^'  a  higher  pliotou  d»Misil.y  we  c.an  exclude  this  <Iegrad;iiiou 
mechanism.  (l>)  Short  circuit  via  a  current  path  including  the  laser 
facet.  As  we  did  observe  no  change  in  I-V  characteristics  during  aging 
this  mechanism  is  also  :ui  unlikely  cause  of  aging. 

11:45  AM  Yll.ll 

Low- Resistance.,  High  Yield  Ohmic-Contact  to  GaN-Dased 
HEMTs,  Karim  S.  Boutros*.  B  Brar\  M  Regan*,  D  Buttari®  and  U 
Mishra^;  *  Materials  and  Devices,  Rockwell  Scientific  Company, 
Thousand  Oaks,  California;  ^University  of  California  Santa  Barbara, 
Santa  Barbara,  California. 

Low  resistance  ohmic  contacts  are  key  to  high  performance  GaN 
HEMTs  for  microwave  and  mm-wave  applications.  State-of-the-art 
Ti-based  contacts,  which  are  widely  used  in  GaN  HEMT  processes, 
have  Rc  <  0.5  ohm-mm,  and  have  resulted  in  record  device 
performance.  However,  these  contacts  suffer  from  poor  edge  definition 
and  surface  roughm^ss  du#*  to  noti-uniform  alloy  formation  dtiring 
cotitacl.  anneal.  'I'liis  re.sults  in  a  eonipromi.so  of  performance  at  the 
expense  of  device  yield,  since  the  contact  roughness  forces  the 
placement  of  the  gate  far  from  the  source.  A  low- resistance  Ta- based 
ohmic  contact  with  improved  characteristics  is  reported.  The  contact 
has  a  smooth  surface  and  a  high  edge- acuity  after  alloying.  This 
feature  leads  to  a  high  device  yield  (>  85%)  over  a  2-inch  wafer,  for 
devices  with  gate- to- source  spacing  of  0.45  micron.  An  alloying 
process  window,  which  is  largely  insensitive  to  both  temperature  and 
time,  exists  for  this  contact  scheme  making  it  favorable  from  the 
viewpoint  of  reproducibility.  However,  the  contact  resistance  is  found 
to  be  very  sensitive  to  the  surface  condition  prior  to  metal  deposition. 
A  short  oxide-etch  in  an  ICP  dry-etch  tool,  prior  to  deposition  of  the 
ohmic  metal,  resulted  in  a  reproducible  high  quality  ohmic  contact. 
Our  process  results  in  average  Rc  value  of  <  0.5  ohm-mm  over 
multiple  lots  of  2-inch  wafers  from  different  vendors.  Additionally, 
breakdown  voltages  in  excess  of  100  V  have  been  obtained  on  devices 
with  0.3  micron  long  gates  as  a  result  of  the  sharp  contact  definition. 
An  Ft/Fmax  of  80/120  GHz,  and  a  Gm  of  300  mS/mm  have  also  been 
measured  on  the  same  devices,  making  the  Ta-based  ohmic  contact 
.suit-abh'  for  iinplementatioii  in  RF  device.  We  will  report  on  the 
re.snits  and  experimentnl  coiulit  ion.s  studied  to  develop  this  ohmic 
contact  sclicme.  Wr  will  also  present 

wafer-level  device  parameter  uniformity  data  using  this  contact  scheme. 
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Band-Gap  Energy  and  Physical  Properties  of  InN  Grown  by 
RF-Molecular  Beam  Epitaxy.  Yasushi  Nanishi*.  Yoshiki  Saito*, 
Tomohiro  Yamaguchi*,  Pumie  Matsuda*,  Tsutomu  Araki*,  Akira 
Suzuki*  ,  Hiroshi  Harima^  and  Takao  Miyajima^;  *  Department  of 
Photonics,  Ritsumeikan  University,  Kusatsu,  Japan;  *  Research 
Organization  of  Science  and  Engineering,  Ritsumeikan  University, 
Kusalsii,  Japan;  ^Department  of  Electronics  and  Information  Science, 
Kyoto  Institute  of  Technology,  Kyoto,  Japan;  ‘*Core  'I'cclmology 
Development  Center,  Core  Technology  &  Network  Company,Sony 
Corporation,  Atsugi,  Japan. 

Band-gap  energy  of  InN  has  long  been  believed  to  be  1.9  eV  after  it 
has  been  reported  from  optical  absorption  experiments  using 
poly-crystalline  InN  and  InGaN.  Recent  studies  on  MOCVD  and 
RF-MBE  growth  of  InN  enabled  us  to  obtain  high-quality  single 
crystalline  InN  and  good  electrical  properties  such  as  room 
temperature  electron  mobility  over  2100  cm*/ Vs  and  residual  carrier 
concentration  close  to  3x10*  /cm^  were  reported  [1].  Very  recent 
studies  on  PL,  optica!  absorption  and  photo- reflectance  measurements 
using  high-quality  InN  have  demonstrated  that  the  fundamental 
band-gap  of  single  crystalline  InN  should  be  0.7-0.8  eV  [2,3].  In  this 
presentation,  we  review  recent  studies  on  high-quality  InN  and  InGaN 
growth  by  RF-MBE  on  sapphire.  To  obtain  high-quality  InN,  the 
following  growth  conditions  were  found  to  be  essential;  which  were  (1) 
nitridation  of  the  sapphire  substrate,  (2)  two-step  growth,  (3)  precise 
control  of  V/III  ratio  and  (4)  selection  of  optimum  growth 
temperature.  Characterization  studies  using  XRD,  TEM,  EXAFS  and 
Raman  scattering  have  dearly  demonstrated  that  InN  grown  in  Ihi.s 
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ftliiHy  hivv«*  h«'XiiK<>na)  wnrt'/ilo  Hl.nirlurr,  'I'lw  fill)  at  half 

inaxiniiiin  (PWIIMs)  of  a*  mode  XllI),  nuxlc  XRI)  and  l)j  (high) 
mode  peak  in  the  Raman  scattering  spectrum  of  the  grown  layer  were 
as  small  as  236.7  arcsec,  28.9  aresec  and  3.2  cm”**,  respectively.  The 
carrier  concentration  and  room  temperature  mobility  were 
•1.9xlf)**cm  *  and  1130  cm^/Vs.  InC#aN  films  with  full  compositional 
range  w*ere  also  snccossfuHy  grown  on  sapphire  substrates.  PR  and  (  3* 
studies  both  on  these  welbcharacterized  high-quality  InN  and  full 
compo-sition  InGaN  films  have  clearly  demonstrated  that  band-gap 
energy  of  InN  should  be  le.ss  than  0.75  eV,  approximately  0.7  *'V  at 
r<»om  t<*in|>»Ttiiur*v  hVir  d'-tfriiiination  of  a<viinit»*  baitrl-gap  ♦•ii»*rgy  *»f 
InN,  however,  furtlier  reduction  in  residual  carrier  concentration 
should  be  needed.  Possible  application  fields  of  narrow  band-gap  InN 
and  issues  for  further  application  to  devices  will  be  discussed.  Our 
latest  studies  on  polarity  of  InN  and  InN  growth  on  Si  substrates 
should  also  be  included  in  this  presentation.  [1]  H.  Lu  et  al;  MRS 
Symposium  Proceedings  7^3,  M.IO  (2003),  [2]  V.  Y.  Davydov  et  al; 
phys.  stat.  sol.  (b)  229,  R1  (2002),  (3]  J.  Wu  et  al;  Appl.  Phys.  Rett, 
80,  3967  (2002).  This  work  was  supported  by  MEXT,  Grant-in- Aid  for 
Scientific  Research  (B)#13-150I31 ,  Academic  FVontier  Project  and  the 
.21st  Century  COE  I’rogram. 

2:00  PM  Y12«2 

Epitaxila]  Growth  of  High  Quality  InN  Films  With  PLD. 
Hiroshi  Rijioka**^,  Takashi  Ilonke*,  Jitsuo  Ohta*  and  Masaharu 

Oshima* ;  *  Department  of  Applied  Chemistry,  The  University  of 
Tokyo,  Bunkyo-ku,  Tokyo,  Japan;  * K an agawa  Academy  of  Science 
and  Technology,  Kawasaki,  Kanagawa,  Japan. 

We  have  grown  InN  films  on  sapphire  (0001)  and  YSZ  (111)  by  pulsed 
laser  deposition  (PLD)  for  the  first  time  and  investigated  the  effect  of 
the  substrate  on  the  structural  properties  of  the  InN  films  with 
RHEED,  HRXRD,  XTEM,  and  AFM,  Growths  of  InN  are  performed 
in  a  PLD  apparatus  with  a  background  pressure  of  1.0x10“^°  Torr. 
RIIEED  patterns  for  InN  on  both  sapphire  and  YSZ  are  sharp 
streaks,  which  indicates  that  high  quality  InN  grows  with  flat 
surfaces.  Careful  inierpretatiou  of  RIIEED  patterns  le<l  us  to  conclude 
that  InN  (0001)  grows  on  both  substrates  and  the  in-plane  epitaxial 
relationships  for  sapphire  and  YSZ  are  InN  [10-10]  //  sapphire  [11-20] 
and  InN  [11-20]  //  YSZ  [1-10],  respectively.  The  lattice  mismatches 
estimated  from  the.se  in-plane  alignments  for  sapphire  and  YSZ  are  29 
%  and  2.3%,  respectively.  Drastic  re<lnction  in  tin*  latticr  niiHntalc)i  by 
the  ns*‘  of  YSZ  substrates  improved  .structural  properties  of  the  InN 
films  Altongh  it  is  well  known  that  the  reduction  in  the  twi.st  angle  of 
InN  is  quite  difficult,  the  FWIIM  values  of  the  20-24  X-ray  rocking 
<  urves  for  InN  grown  on  sapphire  and  YSZ  are  34.8  aremin  and  20.8 
aremin.  respectively  X  TEM  observations  revealed  that  the  threading 
di.Hloeutaui  d.'ii.sity  for  the  InN  grown  on  YSZ  i.s  quite  low  (  Ht’*  em“*). 
riiese  re.suhs  itulieati-  i  hni  the  u.se  of  ELD  and  YSZ  (III)  substrates 
is  promising  for  the  epit  axial  growth  of  high  quality  JnN  films. 

2:15  PM  Y12,3 

Optical  and  Microstriictural  Characteristics  of  InN  on  (0001) 
Sapphire  and  (001)  YSZ  by  Pla^ima* Assisted  Molecular  Beam 
Epitaxy.  P  A  AndersOnV  C  E  Kendrick^ ,  T  E  Lee*,  W  Diehl^,  R  J 
Reeves*.  V  J  Kennedy^,  A  Markwitz^,  R  J  Kinsey*  and  S  M  Durbin*; 
‘Electrical  Computer  Engineering,  University  of  Canterbury, 

Christ  church.  New  Zealand;  ^Department  of  Physics,  University  of 
Canterbury.  Christchurch,  New  Zealand;  ^Institute  of  Geological  Sr 
Nuclear  Sciences,  Ltd.,  lyower  Mutt,  New  Zealtand, 

Determination  of  the  optical  properties  of  InN  is  relevant  for 
understanding  the  detailed  beliaviour  of  InGaN  alloys.  Recent  reports 
that  the  bandgap  energy  may  be  much  lower  than  the  commonly 
quoted  value  of  1.89  eV  — possibly  a.s  low  as  0.6  eV— has  led  to  renewed 
interest,  however,  as  this  would  enable  a  new  range  of  applications  for 
the  material,  such  as  high-efficiency  multi-junction  photovoltaic 
devices.  If  true,  it  would  also  impact  interpretation  of  indium-rich 
regions  (such  as  self- assembling  quantum  dot  like  structures)  within 
InGaN  layers.  Wo  have  investigated  the  optical  and  structural 
properties  of  InN  grown  on  both  (0001 )  sapphire  an<l  cubic  (001)  YSZ 
siibsl  rates  using  a  pi  asm  a- assisted  molecular  beam  epitaxy  (I*AMBP1) 
technique.  Film  thickness  is  typically  on  the  order  of  300  nm, 
corresponding  to  a  growth  rate  of  100  nm/  hr.  Single  crystal  films  are 
obtained  for  substrate  temperatures  in  the  range  of  350-550*^0,  as 
confirmed  by  in-situ  reflection  high-energy  electron  diffraction 
(RHEED).  The  only  photoluminescence  features  are  observed  between 
0,7  and  0.8  eV,  and  have  linewidths  of  approximately  60  to  150  meV, 
depending  on  growth  conditions.  Despite  intensive  searching,  no 
luminescence  features  in  the  visible  region  can  be  observed  above  the 
limits  determined  by  laser  scatter.  As  the  temperature  of  the  sample 
is  increa.sed,  the  peak  often  exhibits  a  blue  shift  of  several  meV  as 
noted  by  other  groups,  and  reduces  in  intensity  until  becoming  too 
weak  to  detect  above  150  K.  The  opposite  behaviour  Is  observed  for  a 
film  grown  on  (001)  YSZ  however,  where  a  distinct  red  shift  is 
observed  with  increasing  temperature,  as  would  be  expected  from  a 
banded ge-related  feature.  An  increa.se  in  intensity  with  increasing 
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temperature  is  also  ob.H^Tved  in  the  same  sample.  For  films  grown  on 
sapphire,  two  distinct,  regimes  arc  observed.  The  first  regime  is 
characterised  by  spotty  RHEED  patterns,  and  a  surface  morphology 
consisting  of  very  flat  interconnected  plateaus  exhibiting  distinct 
hexagonal  symmetry.  The  hexagonal  features,  having  a  size  of 
approximately  100  nm,  are  well  aligned  across  the  film.  The  second 
regime  is  obtaine<I  for  increased  Natln  ratios,  where  streaky  RHEED 
features  arc  obscrv<-d.  AFM  analysis  of  the  surface  shows  distinct, 
isolated  columnar  features  with  hexagonal  symmetry  and  a  width  of 
approximately  I  nii^ron.  Interestingly,  photo) iimine.«»er»nr/>  is  observed 

fniiit  th*-.*i»-  (iliitM  nn  w»  ||  ){iit|i<  rriH-*l  biv*ks<'tttt>Tiiig 

allows  the  pre.sence  of  a  thin  (e./4{)  nm)  layer  of  indium  oxynitri<le  at 
the  surface  of  al)  films,  with  an  essentially  stoichiometric  and 
oxygen-free  (to  within  measurement  resolution)  InN  layer  beneath. 
Nucleation  of  InN  on  YSZ  is  initially  cubic,  but  the  film  quality 
rapidly  deteriorates.  AFM  of  the  final  film  surface  is  suggestive  of 
features  having  cubic  rather  than  hexagonal  symmetry,  although  the 
roughness  is  comparable  to  the  film  thickne.ss.  Lumine.scence  from 
these  films  is  comparable  to  that  of  films  grown  on  sapphire. 

2:30  PM  Y12.4 

Microstriictiirc  of  IiiN  Filins  Grown  on  GrN  by 
Metal-Orf^anic  Vapor  Phase  Epitaxy.  Rong  Liu*,  S  Srinivasan* , 

F  A  Ponce*,  H  Amano*  and  I  Aka.saki*;  *Department  of  Physics  and 
Astronomy,  Arizona  State  University,  Tempe,  Arizona;  ^Department 
of  Materials  Science  and  Engineering,  Meijo  University,  Nagoya, 
Japan. 

The  band-gap  of  InN  was  thought  to  be  1.9eV,  but  recent  results  have 
shown  that  it  may  be  a  much  lower  value.  Little  work  ha.s  been  done 
to  understand  the  microstnictural  properties  of  InN,  and  their  effect 
on  the  optoelectronic  properties.  In  this  work,  we  have  studied  a  .set 
of  InN  samples  grown  under  different  conditions,  using  XRD  and 
TEM.  Two  InN  films  were  deposited  on  GaN  templates  using 
metal-organic  vapor  phase  epitaxy  at  600  and  450  degree  Celsius.  The 
first  sample  has  a  background  carrier  concentration  of  5.8xlOE18  cm-3 
and  an  ali.sorption  of  ^0,8»*V,  whih*  the  v:ilu«'S  for  th»*  hitt«T  ar#* 
7.6x10101 9  cm-3  and  ''^I.IeV.  XIII)  analysis  indicates  that  the  c 
lattice  parameter  of  the  sample  grown  at  500  degree  Celsius  is  larger 
(5.701  vs.  5.662  angstroms),  and  closer  to  the  tabulated  value  from 
InN  powder  diffrartioii.  3'EM  images  show  significant  /lifrcrenrc 
le‘tw<'«*n  tin*  ntlcro.strii«‘tiir»*  f»f  two  saiiiph's.  'riu*  Hamph*  grown  at  high 
toinporatiirc  pro<lii<V's  b»4ler  crystalline  <|i)ality  mai<Tial,  with  mostly 
one-dimensional  threading  dislocations.  The  lower  temperature 
growth  is  dominated  by  two-<limensional  grain  boundaries.  Lattice 
images  show  a  weIl-d<Tined  InN/fJaN  interface  for  both  sarnph-s.  |t  is 
evident  that  i !»«•  latti**.-  mismatch  strain  is  relaxed  ItiN  lnttic»* 
ctuislants  on  lli*-  ba.sal  plane  are  e.st  itnalc<)  from  latli*v  imag<*s  lo  b«* 
3.55  and  .3. .53  angstroms  for  gi\>wth  at  5t)()  and  451)  degree  (Ndsius 
respectively.  Wc  find  that  the  improved  crystalline  qtiality  InN  grown 
at  higher  temperature  is  a.ssociated  with  a  larger  unit  cell,  and  a  lower 
backgrottnd  carrier  density.  With  this  work,  we  have  shown  that  the 
crystalline  quality  of  the  material  strongly  affects  the  optoelectronic 
properties,  so  it  is  important  that  microstructnre  is  considered  when 
determining  the  band-gap  of  InN. 

2:45  PM  YX2.5 

Temperature  Dependence  of  the  Optical  Properties  for  InN 
Films  Grown  By  RF-MBE.  Yoshihiro  Ishitani*’^’^.  Hironobu 
Masuyarna*,  Kc  Xu^,  Ma.sayoshi  Yoshitani*,  Watarii  'rerashinia' 

Naoki  Hashimoto*,  SoiigBek  Che*-'*^  and  Akihiko  Yoshikawa’’^''\ 
‘Electronics  and  Mechanical  Engineering,  Chiba  University,  Chiba, 
Japan;  ^JST-CREST,  Chiba,  Japan;  ^VBL,  Chiba  University,  Chiba, 
Japan. 

Recently  tlie  bandgap  energy  Eg  of  InN  was  proved  to  he  less  than  I 
eV,  Many  researchers  have  started  the  study  on  InN  for  the  sake  of 
application  to  ultra-fast,  optical  communication  devices.  However 
several  basic  physical  parameters  are  not  yet  determined.  Although  a 
few  values  of  the  effective  electron  mass  (me*)  were  reported,  there  is 
no  dat  a  obtained  by  opt  ical  reflectance  analysis  t  aking  accouiil.  of  the 
TO  phonon  and  LO  phonon-plasma-coupling  mode  frequencies  in  a 
wide  wavenumber  range  as  350-8000  cm-1,  also  using  thick  films 
(several  micrometers).  Eg  for  the  intrinsic  crystal  was  reported  as 
0.68eV^.l)  Temperature  dependence  of  the  PL  peak  energy  was 
reported  to  decrease  witli  decrease  in  temperature  in  contrast  to  novel 
semiconductors .2)  However  there  is  no  report  on  the  dependence  of 
the  transmission  spectrum.  We  measured  the  optical  reflectance  and 
transmission  spectra  in  a  range  of  5  -  300  K  for  samples  with 
thickness  of  1-7,5  ^m  and  carrier  concentration  Ne  of  1.5  -1  IE  18 
cm-3.  We  estimated  me*  of  the  intrinsic  crystal  as  0.097  (  -0.004),  and 
also  determined  the  parameters  for  non-parabolic  conduction  band. 
Since  the  plasma  edge  is  constant  with  the  temperature  decrease,  a 
band  of  impurity  or  defect  is  formed.  Thus  the  estimated  Eg  from 
absorption  edge  is  probably  smaller  than  the  actual  one.  The 
absorption  edge  energy  increases  with  the  decrease  in  temperature  to 
50  K,  below  which  it  decreases.  From  50  to  5  K  the  decrease  in  the 
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edge  energy  is  smaller  for  smaller  Ne:  3  meV  for  dBl8  cm-3.  The 
temperature  dependence  of  Eg  for  intrinsic  crystal  is  estimated  to 
have  the  similar  one  to  novel  III-V  semiconductors.  The  decrease  of 
Eg  with  the  decrease  from  300  to  50  K  was  estimated  to  be  25  -  40 
meV.  1)  J.Wu,  W.Walukiewicz,  W.Shan,  K.M.Yu,  J.W.Ager, 
E.E.Haller,  H.Lu,  and  W.J.Schaff,  Phys.  Rev.  B,  6$,  2-1403  (2002).  2) 
J.Wu,  W.Walukiewicz,  K.M.Yu,  J.W  Ager,  E.E.Haller,  H.Lu, 
W.J.Schaff,  Y.Saito,  and  Y.Nani.shi,  Appl.  Phy.  Lett.  80,  3907  (2002) 

:ii30  I*M  Y12.0 

Growth  of 'Noii-}><iiar  n-|>Iauc  aii<l  Ciihic  luN  on  r-platio 
Sapphire  by  Molecular  Beam  Epitaxy.  Hai  Lu^  William  J 
Srhnff’ ,  Lester  P  Easfinan',  Volker  Cimalla*,  Oliver  Amhacher^,  J, 
Wu'^  and  W.  Waliikiewi**//^ ;  ‘Electrical  and  <^)mpuier  EMgin''r*ring, 
Cornell  University,  Ithaca,  New  York;  ^Center  for  Micro-  and 
Nanotechnologies,  Technical  University  limenau,  Ilmenan,  Germany; 

Mai.r>rinls  .Scifiio’.s  l)ivisir>n,  Lnwrenre  Berkeley  National  Lalioratory, 
Berk»‘!fy,  <’alirortiia. 

Growth  of  non-potar  Ill-nitrides  has  been  an  important  subject 
recently  due  to  its  potential  improvement  on  the  efficiency  of 
til- nitride- based  opto-clectronic  devices.  Despite  of  the  intensively 
studied  non-polar  GaN  and  GaN-based  heterostructures,  there  are 
very  few  reports  on  epitaxial  growth  of  non-polar  InN,  which  is  also 
an  important  component  of  the  Ill-nitride  system.  Moreover,  recently 
this  material  has  received  much  attention  due  to  the  discovery  of  its 
narrow  band  gap  aroiuul  0.7  cV,  This  discovery  greatly  extends  the 
rang^'  of  emission  spectrum  of  Ill-nitrides,  and  thus  makes  it  po.s.sibIe 
to  fabricate  lll-nitride-based  light  emitter  over  a  broader  wavelength 
range  from  infrared  to  ultraviolet.  In  this  study,  we  first  report 
heteroepitaxial  growth  of  non-polar  InN  on  r-plane  sapphire  substrates 
using  plasma-assisted  molecular  beam  epitaxy.  It  is  found  that  when  a 
GaN  buffer  is  used,  the  following  InN  film  appears  to  be  non-polar 
(IIM)  a-plane  which  follows  the  a-plane  GaN  buffer.  Optical 
absorption  and  photoluminescence  measurements  of  this  material 
show  that  InN  has  a  fundamental  bandgap  of  about  0.7  eV  which  is 
also  seen  for  growth  on  c-plane  sapphire.  The  room  temperature  Hal! 
mobility  of  undoped  a-plane  InN  is  around  250  cm*/Vs  with  a  carrier 
concentration  around  6x10*®  cm“®.  Meanwhile,  if  InN  film  is  directly 
deposited  on  r-plane  sapphire  without  any  buffer,  the  InN  layer  is 
found  to  consist  of  a  predominant  zincblende  (cubic)  structure  along 
with  a  fraction  of  the  wurtzito  (hexagonal)  pha.se  which  content 
increases  with  proceeding  growth.  A  model  is  purposed  to  explain  this 
unusual  epitaxial  relationship  in  which  a  metastable  cubic  phase 
forms  on  a  noncubic  substrate  while  the  wurtzite  phase  arises  as  the 
special  case  of  twinning  in  the  cubic  structure. 

3:45  PM  Y12.7 

Optical  and  Electrical  Properties  of  Non- Degenerate  and 
Highly  Degenerate  InN  Films.  Daad  B.  Haddad*.  Jagdish  S 
Thakur^,  Vaman  M  Naik®,  Gregory  W  Auner^,  Ratna  Naik*,  Lowell  E 
Wenger*,  Hai  Lu"*  and  William  J  SchafT*;  *  Department  of  Physics  and 
Astronomy,  Wayne  State  University,  Detroit,  Michigan;  ^Department 
of  Electrical  and  Computer  Engineering,  Wayne  State  University, 
Detroit,  Michigan;  ^Department  of  Natural  Sciences,  University  of 
Mlchigan-Dearborn,  Dearborn,  Michigan;  ^Department  of  Electrical 
and  Computer  Engineering,  Cornell  University,  Ithaca,  New  York. 

Th^  influence  of  electron  carrier  concentration  (not  intentionally 
doped),  n,  on  the  optical  and  electrical  properties  of  two  different  InN 
films  has  been  investigated.  Sample  A  is  an  InN  film,  2  ftm  thick 
grown  on  a  GaN  buffer  layer  on  (0001 )  sapphire  substrate  by 
molecular  beam  epitaxy,  with  n  ^  7.5  X  10*^  cm”''  and  a  mobility  of 

1488  cm*/ Vs  as  measured  by  Hall  effect  at  room  temperature. 
Sample  B  i.s  an  InN  film,  0.5  /im  thick  grown  by  plasma  source 
molecular  beam  epitaxy  on  (0001)  sapphire,  with  n  ^  3  x  10*^^  cm”® 
and  a  mobility  of  55  cm* /Vs.  Superior  crystalline  qmility  of  l.h<- 
foriiior  film  was  confirmed  by  both  x-ray  diffraction  and  Uanian 
scattering.  Analyses  of  optical  absorption  spectra  of  both  films, 
determined  using  tran.sniission  and  reflection  data,  show  an  optical 
bandgap  ab.sorption  0.6  eV  for  sample  A  and  1.5  eV  for  sample  B. 
The  latter  sample  also  shows  a  plasmon  absorption  peak  around  0.5 
eV  due  to  a  very  high  carrier  concentration.  It  has  been  recently 
shown  that  the  observed  high  values  for  the  InN  bandgap  is  due  to  a 
Mos.s-Burnst.ein  shift  in  highly  degenerate  InN  films.  Temperature 
dependent  (6  -  350  K)  mea-surements  of  the  extrinsic  electrical 
resistivity  clearly  show  a  semiconducting  behavior  for  sample  A  with 
an  activation  energy  of  ^  2  meV.  On  the  other  hand,  a  metallic  type 
of  conductivity  was  observed  with  a  residual  resistivity  ratio  of  1.07 
for  sample  B.  Results  from  higher  temperature  (>  350  K)  resistivity 
mcn.su rotnents  will  also  be  presented  to  chock  the  intrin.sic  band  gap 
behavior. 

4:00  PM  Y12.8 

Study  of  the  Growth  Mechanism  and  Properties  of  InN  Films 
Grown  by  MOCVD.  Abhishek  Jain*.  Joan  M  Redwing*,  Lynn 
Gedvilas*  and  Brian  Keyes*;  *  Materials  Science  and  Engineering, 


Materials  Research  Institute,  Pennsylvania  State  University, 

University  Park,  Pennsylvania;  *National  Renewable  Energy 
Laboratory,  Golden,  Colorado. 

InN  is  an  important  group  Ill-nitride  semiconductor  because  of  its 
unique  electrical  and  optical  properties.  Theoretically,  it  has  a  low 
effective  mass  of  electrons,  which  makes  it  suitable  for  high  speed 
devices.  Recent  studies  indicate  that  the  bandgap  energy  of  InN  lies 
in  the  infrared,  which  lin.H  stimnlnl<'d  interest  in  solnr  cell 
tt|*pli<‘Ml ii »tin  *rhr*  f.mTi**r  li»  rtil>ri<*ntioti  of  hiN  bh,n»*<| 

<lcvicvs  is  Ihr  limtt*-«.l  .sueec.s.H  in  growing  Dims  with  low  .surf'ar** 
roughness,  good  crystal  quality  and  low  unintentional  n-type  doping. 
We  have  inve.stigated  the  MOCVD  growth  of  InN  on  sapphire 
snb.stratf.H,  imiiig  in  sitii  r»*fl«*el.tuie#«  to  stinly  tin*  <  voltitiott  »»r 

surface  roughne.ss  during  layer  growth.  InN  films  were  deposited  at  a 
growth  temperature  of  560^C  and  a  reactor  pressure  of  650  Torr  using 
trimethyl  in<lium  mol*'  fractious  in  the  range  of  2x  1  1 V 

(Nll.i)/HI  ratios  of  l()‘*-3xl0'*  aii<l  nitrogen  as  the  carrier  gas.  AIN 
buffer  layers,  deposited  at  5(I0®C,  were  used  for  growth  of  InN  on 
sapphire  and  films  were  also  deposited  on  2  ^m  thick  MOCVD-grown 
GaN  layers  on  sapphire.  After  an  increase  in  the  reflected  laser 
intensity  during  the  initial  segment  of  growth  due  to  the  deposition  of 
InN  on  sapphire,  the  Ia.scr  intensity  decreased  significantly,  which 
correlated  to  a  change  in  the  growth  mode  of  the  film  from  2D  to  3D 
and  increased  surface  roughness.  A  room  temperature  mobility  of 
1268  cm*/V-s  was  measured  in  a  330  nm  thick  InN  layer  grown  on 
GaN  that  had  a  background  electron  concentration  of  6.7x10*®  cm”®. 
'Ilie  o/scan  EWIIM  of  th*‘  (0002)  reflection  of  InN  was  830  arcsec  for 
this  layer.  Preliminary  photoluminescence  measurements  carried  out 
on  the  MOCVD  InN  films  reveal  an  emission  peak  at  ^0.71  eV, 
consistent  with  results  recently  reported  for  MBE-grown  material. 

4:15  PM  Y12,0 

Hydrostatic  Pressure  Dependence  of  the  Fundamental 
Bandgap  of  InN  and  In- Rich  InGaN  and  In  AIN  Alloys. 

Sonny  X.  Li*’*,  Junqiao  Wu*'*,  Wladysfaw  Walukiewicz*,  Wei  Shan*, 
Eugene  E.  Haller*’*,  Hai  Lu®  and  William  J.  Schaff®;  *  Department  of 
Materials  Science  and  Engineering,  University  of  California,  Berkeley, 
Berkeley,  California;  *Materials  Sciences  Division,  Lawrence  Berkeley 
National  Laboratory,  Berkeley,  California;  ®Department  of  Electrical 
and  Computer  Engineering,  Cornell  University,  Ithaca,  New  York. 

The  recent,  discovery  of  the  fundamental  bandgap  of  InN  near  0.7  eV 
has  attracted  renewed  attention  to  the  properties  of  InN  and  In-rich 
nitride  alloys.  We  have  studied  the  hydrostatic  pressure  dependence  of 
the  fundamental  bandgap  of  InN,  In-rich  Int-xGa^  N  (0  <  x  <  0.5) 
and  Ini_xAIrN  (x  =0.25)  alloys.  The  shifts  of  the  bandgaps  were 
measured  by  optical  absorption  experiments  in  diamond  anvil  cells. 
The  pressure  coefficient  was  determined  to  be  3.0  ±0.1  meV/kbar  for 
InN.  The  values  of  the  pressure  coefficients  of  the  In-rich  alloys  are 
very  close  to  that  of  InN.  These  results  agree  reasonably  well  with 
theoretical  predictions.  Together  with  previous  experimental  results 
(pressure  coefficient  ^4  meV/kbar  for  GaN  [1]  and  *^*5  meV/kbar  for 
AIN  [2]),  our  data  indicate  that  the  pressure  coefficient  of  group-lll 
nitrides  has  only  a  weak  dependence  on  the  alloy  composition.  The 
small  pressure  coefficient  of  group-III  nitrides  as  compared  to  other 
III-V  compounds  can  be  attributed  to  their  high  ionicity,  which  also 
explains  the  decrease  of  the  pressure  coefficient  with  increetsing  cation 
atomic  number  of  the  nitrides.  We  also  found  that  the  pressure 
coefficient  of  the  photoluminescence  peak  energy  of  InN  amounts  to 
only  0.6  to  0.9  meV/kbar  and  is  much  smaller  than  the  pressure 
coefficient  of  the  absorption  edge  energy.  This  result  suggests  that 
highly  localized  levels  could  be  involved  in  the  radiative 
recombination  process,  [l]  W.  Shan,  W.  Walukiewicz,  E.  E.  Haller,  B. 
D.  Little,  J.  J,  Song,  M.  D.  McCIuskey,  N.  M.  Johnson,  Z.  C.  Feng, 

M,  Schurman,  and  R.  A.  Stall,  J.  Appl.  Phys.  84,  4452  (1998).  [2] 
Ilisamilsii  Akamarii,  Aklfumi  Oiuxlera,  1>ida.shi  Endo,  Osamu 
Mishima,  J.  Phys.  Ghem.  Solids  03,  887  (2002).  Supported  by  the 
U.S.  Department  of  Energy  under  Contract  No.  DE-AC03-76SF00098. 

4:30  PM  Y12.10 

N-rich  GaN  As  with  High  As  Content  Grown  by  Metalorganic 
Vapor  Phase  Epitaxy.  Akitaka  Kimura^.  H.  F.  Tang*,  C.  A. 
Paulson*  and  T.  F.  Kuech*;  *  Department  of  Chemical  and  Biological 
Engineering,  University  of  Wisconsin-Madison,  Madison,  Wisconsin; 
*Department  of  Electrical  and  Computer  Engineering,  University  of 
Wisconsin-Madison,  Madison,  Wisconsin. 

N-rich  GaNAs  is  an  attractive  material  for  extending  the  wavelength 
range  of  GaN-based  blue-light-emitting  devices  toward  the 
red/infrarod  region,  since  it  has  a  narrower  bandgap  at  smaller  strain 
than  InGaN  alloy.  G  a  As- based  long  wavelength  devices  could  be 
replaced  with  GaN-based  devices  reducing  the  use  of  As-based 
substrates  and  materials  while  allowing  multi- wavelength  light 
emitting  devices  to  be  integrated  on  a  single  substrate.  GaNAs  has  a 
very  large  bandgap  bowing  parameter  attributed  to  a  large  difference 
in  the  atomic  radius  between  N  and  As.  This  alloy  system  does, 
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however,  possess  n  large  miscibility  gap  which  has  limited  the 
achieved  As  content  within  the  CSaNl-yAsy  system  to  only  y  <  0.03. 
An  As  content  of  y  >  0.07  is  considered  necessary  for  650  nm 
rtnission.  report  ihr  growth  and  properties  of  N- rich  flaNl-yAsy 
alloy  with  As  content  over  tin*  range  of  y  <  O.OCd.  (JaNAs  layers  were 
grown  to  a  tl)tckness  of  0.25  /im  on  GaN  layers  on  sapphire  substrates 
by  low-pressure  (76  Torr)  nietalorganic  vapor  phase  epitaxy.  The 
sources  were  triniethyl  gallium,  ammonia,  and  tcrtiarybutyl  arsine. 
The  carrier  gas  was  hydrogen  and  the  growth  temperature  was 
700- 750® C.  The  epitaxial  layers  were  characterized  by  X-ray 
diffraction  (XRD)  and  atomic  force  microscopy  (AFM).  Electron 
probe  microanalysis  (EPMA)  was  used  to  determine  As  content  in  the 
films.  The  electronic  structure  was  monitored  by  optical  absorption 
and  reflectivity  measurements.  The  GaNAs  layers  possessed  a  yellow 
hue  and  had  specular  surfaces.  AFM  measurements  determined  a 
typical  root  moan  square  surface  roughness  of  0.7  nni  for  a 
lO-nm-thick  <.inNO.f>8As0.02  layer.  Each  sample  had  two  diffraction 
peaks:  one  from  the  underlying  GaN  and  the  other  attributed  to  the 
GaNAs  layer  on  the  low-angle  side  of  the  GaN  peak  in  its  XRD 
rocking  curve.  No  peaks  that  were  related  to  As-rich  GaNAs  phases 
were  observed  in  the  wide  range  of  XRD  9f2  9  spectra.  The  As 
incorporation  into  the  GaNAs  layers  increased  through  both  a 
decrease  in  the  growth  temperature  as  well  as  a  decrease  in  V/III 
ratio  from  13000  to  1400.  These  observed  trends  are  similar  to  that 
found  in  other  III-V  alloy  systems,  such  as  GaAsSb.  At  high  V/III 
ratios,  thermodynamic  constraints  restrict  the  incorporated  As  to  a 
low  value.  Low  V/III  ratios  favor  a  kinetically  limited  competition 
and  incorporation  of  the  anion  species.  Through  the  use  of  growth 
conditions  which  enhance  these  kinetic  processes,  alloy  compositions 
within  the  miscibility  gap  were  achieved.  The  highest  achieved  value 
of  As  content  of  6.4%  was  obtained  by  both  decreasing  the  growth 
temperature  and  the  V/III  ratio.  To  our  knowledge,  this  is  the  highest 
As  content  of  N-rich  GaNAs  alloy  that  has  been  reported  to  date.  The 
results  of  the  optical  measurements  in  regard  to  determining  the 
optical  band  gap  of  the  material  will  be  discussed. 

4:45  PM  Yl2.il 
Ahstrnct  WUlitlrnwii 
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